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1.  Introduction 

Theraoi^raviaetric  analysis  (?GA j  is  the  moot  common  experimental  technique 
used  today  to  study  quantitatively  the  chemical  kinetics  of  reactions  occurring 
in  the  solid  state.  However,  this  method  of  following  the  kinetics  has  several 
disadvantages,  the  thr-a  most  serious  ones  being  as  follows.  First,  only  chemical 
reactions  accompanied  by  weight  changes  can  be  examined  by  TGA.  Since  3uch 
reactions  must  necessarily  involve  at  least  two  phases  and  are,  therefore, 
heterogeneous,  TGA  data  are  not  only  difficult  to  interpret  but  are  sometimes 
conflicting.  The  requirement  of  weight  changes,  in  addition,  rules  out  the  study 
of  interesting  reactions  such  as  geometrical  isomerisations  and  polymerization 
of  monomers.  Second,  reactions  of  low  melting  salts  and  salts  with  relatively 
high  vapor  pressures  are  not  suitable  for  study  by  the  standard  TGA  method. 

Among  suen  compounds  are  many  organic  and  inorganic  salts  whose  decomposition 
mechanisms  may  bo  relatively  siuple.  Kinetic  data  from  reactions  of  such 
compounds  aay  be  more  readily  subjected  to  theoretical  calculations  and  may 
serve  a3  models  for  the  reactions  of  more  complex  salts,  finally ,  since  no 
single  chemical  species  in  the  reaction  stoichionetry  i3  followed  directly 
during  the  reaction,  TGA  results  generally  do  not  provide  sufficient  information 
concerning  the  reaction  mechanism  nor  do  they  allow  the  identification  of  tran¬ 
sient  species  produced  during  the  rea  ction.  Differentiation  of  reactions 
occurring  at  the  surface  of  the  solid  from  those  actually  occurring  in  the  a<  lid 
is  also  not  readily  possible  with  data  froa  the  TGA  studies. 

In  order  to  overcome  some  of  the  difficulties  and  limitations  of  TGA  described 
above,  we  need  another  experimental  technique  to  study  chemical  reactions  in  the 
solid  state.  Ono  approach,  which  appears  promising,  is  to  carry  out  a  reaction 
directly  inside  a  pressed  alkali  halide  disk  and  to  follow  the  kinetic  changes 
by  spectroscopy.  Although  these  pressed  disks  are  being  used  regularly  to 
obtain  the  infrared  spectra  of  solid  compounds,  the  possibility  of  using  them 
in  solid  state  Kinetic  studies  has  attracted  very  little  attention  of  spectro- 
scopiota.  Prior  to  the  appsarance  of  our  first  report^  on  such  an  investigation, 
there  hud  been  only  two  other  Kinetic  studies  with  these  disks.  Bent  and 
Crawford^  described  in  1997  a  therms!  docoaposition  study  of  nitrate  esters  in 
a  pressed  KBr  disk,  Soon  thereafter  in  I960,  a  successful  trapping  of  large 
organic  free  radicals  in  a  KC1  matrix  at  liquid  nitrogen  temperature  vaa  reported 
by  Chilton  and  Porter. 4  Kora  recently,  Pitts  et  al.  studied  the  photo-reduction 
of  a  ketone  in  a  KBr  di3k.5  in  these  studies,  the  solutes  which  were  dispersed 
Into  the  disks  were  large  non-ionic  organic  compounds.  Although  such  compounds 
may  have  been  of  inaediate  interest  to  these  investigators,  they  nevertheless 
involve  experimental  difficulties  which  tend  to  obscure  the  important  features 
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of  the  pressed  di3k  method  of  studying  solid  state  chemical  reactions,  ('or 
example,  large  molecules  can  become  distorted  when  they  are  pressed  with  the 
matrix  salt,  anu  these  distortions  con  lead  to  intensity  and  frequency  anomalies 
in  their  spectral  Their  spectra  and  their  kinetic  data,  thererore,  may  be 
difficult  to  interpret  end  are  most  likely  affected  by  the  sampling  technique. 
These  major  difficulties  may  have  kept  spectroscopists  from  generally  adopting 
the  disk  method  and  also  have  discouraged  chemists  from  using  tho  disks  in 
quantitative  kinetic  studies-.  It  is  apparent  that  a  real  test  of  the  pressed 
disk  method  has  not  yet  been  made  and  that  simple  ionic  compounds,  both  organic 
and  inorganic,  should  be  used  for  this  purpose. 

Since  1960  we  have  been  using  in  our  laboratory  pressed  alkali  halide  disks 
as  matrices  for  solid  state  chemical,  kinetic  studies  and  Tor  the  isolation  of 
uiie cable  chemical  species  including  free  radicals.  In  these  teste  we  used 
relatively  simple  ionic  compounds  with  known  infrared  spectra.  If  the  spectra 
of  the  solute  ions  were  Icnown,  then  their  changes  can  bo  identified  with  dis¬ 
tortions  of  the  solute  ion,  and  from  frequency  shifts  information  concerning  the 
environment  of  the  solute  ion  can  be  deduced.  Anotner  advantage  of  using  sinple 
ionic  compounds  is  that  their  reaction  Mechanisms  may  be  simple.  The  products 
of  such  reactions  may  readily  bo  identified,  and  the  reaction  stoichiometry  and 
mechanism  may  be  established  more  easily .  Furthermore,  if  free  radicals  are 
produced  in  such  reactions,  acne  of  then  are  likely  to^be  ionic.  It  should  be 
possible,  therefore ,  to  trap  S'uch  ten  radicals  in  an  ionic  matrix  even  at  room 
tempera  lure . 

Among  compounds  selected  for  investigation,  there  were  some  whose  decompo¬ 
sition  kinetics  had  been  or  can  be  i-tudied  b.y  TtJ A-  These  compounds  allow  com¬ 
parison  between  the  TGA  method  and  cha  spectroscopic  method  with  pressed  disks. 
In  thi3  paper,  we  summarize  the  principal  exoer .mental  studies  we  have  carried 
cut,  and  results  from  then,  sose  nl/sady  oublieied  and  others  still  unpublished, 
will  be  used  to  point  out  the  advantages  as  well  as  limitation  of  this  tachnique 
of  studying  solid  state  kinetics.  The  nature  of  tho  environment  of  the  solute 
ions  in  the  disks  will  also  be  disci ssed. 

2c  liXpariscntal  Procedure 

2.1  bisk  Fabrication 

The  experimental  method  of  fabricating  a  crossed  alkali  halide  disk  for 
solid  state  kinetic  study  is  the  s.imo  us  that  ucd  to  make  a  standard  disk  for 
infrared  spectroscopy,  -ssentiully ,  about  1  a.;i  of  the  solute  salt  is  mixed 
thoroughly  with  approximately  0.9  g  of  the  mat:;s  salt.  This  mixture  is  placed 
in  a  disk  dio  which  is  evacuated  and  then  pr83, prized.  formally,  a  pressure  of 
about  X0d  kg/cr«2  ia  sufficient  for  a  powdered  i ample  in  a  13  mn  die.  The  disk 
produced  in  this  manner  is  about  1  mn  thick  an)  has  a  volume  of  about  0.1  to  0.3 
ml.  The  ao iv  ratio  between  the  solute  find  th>.  matrix  salt  is  varied  from  Is  100 
to  about  1  1G4,  a  range  most  often  used  in  3d  temperature  rare  gas  matrix 

isolation  studies,. 

Highest  purity  chemicals  should  be  used  for  matrix  salts  since  iapurities 
and  their  decomposition  products  usually  cann  v,  be  identified  and  may  cause 
complications  in  kinetic  and  irradiation  stud. is-  Optical  grade  salts  whose 
disks  show  no  infrared  bands  in  the  2-50  p.  region  are  preferred,  although 
reagent  grade  matrix  emits  after  careful  recry.  .allization  may  be  satisfactory. 


Potassium  chloride,  bromide,  and  iodide  are  the  easiest  salts  to  press  into  disks 
while  sodium  ana  cesium  halides  are  more  difficult  to  make  into  good  quality  disks. 
Rubidium  halides  also  make  ,ood  disks,  but  these  salts  of  sufficient  purity  are 
difficult  to  obtain  commercially.  Vhe  quality  of  the  solute  salts  should  also  be 
high,  although  the  small  amounts  of  solute  normally  used  in  a  disk  preparation 
make  their  impurity  problem  less  serious. 

The  most  critic  il  step  in  the  preparation  of  a  pressed  disk  is  the  mixing 
of  the  solute  with  the  matrix  salt.  Since  a  very  small  amount  of  the  solute  is 
used  for  each  diBK.,  non-uniform  distribution  of  the  solute  can  occur  creating  a 
concontratior.  gradient  which  is  a  serious  pr&blen  in  kinetic  studies.  In  order 
to  avoid  ouch  difficulties,  we  have  modified  the  standard  mixing  procedure  and 
have  been  using  a  dilution  technique .  essentially,  a  larger  quantity  of  the  solute 
is  mixed  vdth  a  scalier  amount  of  the  matrix.  This  mixture  is  ground  carefully, 
either  by  hand  in  an  agate  mortar  or  mechanically  in  an  agate  vial,  and  a  portion 
of  this  mixture  is  taken  and.  diluted  further  with  the  matrix  salt.  This  process 
is  repeated  until  the  desired  concentration  is  achieved.  In  disks  prepared  in 
the  above  mannor,  errors  in  the  concentration  of  the  solute  can  be  reduced  to 
or  less.  Grinding  times  are  varied  from  1  min  to  about  5  sin. 

The  freeze-dry  technique  of  distributing  the  solute  is  also  used  occasionally 
in  our  work.  Here,  the  solute  and  the  matrix  are  dissolved  in  water,  the  solution 
frozen,  and  while  frozen  the  water  is  pumped  off.  Normally,  for  a  sample  size 
corresponding  to  that  of  one  disk,  puaping  is  continued  for  about  12  hours.  In 
this  method,  however,  the  quality  of  the  distilled  water  is  critical  since  this 
water  often  becomes  the  source  of  impurities  in  the  disrs.  We  found  it  most 
convenient  to  store  the  water  in  a  vacuum  line,  where  it  was.  degassed,  and  to 
distill  it  arain  directly  into  the  freuze-dry  vessel  attached  to  the  same  vacuum 
line.  In  this  way,  the  distilled  water  is  not  exposed  to  carbon  dioxide  or  to 
other  laboratory  gases. 

2.2  Pyrolysis 

Alkali  halide  pressed  disks  can  be  heated  in  air  to  afc->ut  600°C  but  above 
this  the  surfaco  etching  due  to  sublimation  of  the  matrix  b  iaomes  noticeable. 
Because  of  ths  small  mass  of  the  disK,  it  can  be  quenched  firm  600°  to  room 
temperature  within  about  40  sec  by  placing  the  di3k  on  a  coolcopper  block  imme¬ 
diately  after  removal  from  the  high  temperature  oven.  Generally,  the  first  few 
minutes  of  heating  produce  t,ho  greatest  change  in  the  appeannee  of  the  disk. 

It  becomes  opaque,  espanda  in  size,  and  often  shows  blisters.  Such  changes  are 
not  observed  with  a  disk  containing  no  solute.  The  transparency  of  the  heated 
disk,  however,  can  be  restored  by  repressing.  Since  <*  heated  lisk  expands  and 
will  not  fit  into  the  die,  it  c.ui  be  broken  into  two  or  more  p-.eces  and  repressed 
in  qualitative  studios.  This  procedure  is  not  appropriate  for  luantitative 
studies  since  ufter  many  such  repreoaings,  changes  in  band  optiuil  densities  of 
as  much  as  30$  have  been  observed  when  the  infrai’ed  spectra  were  recorded  with 
different  orientations  of  the  disk.  ?or  quantitative  work,  ve  said  off  the 
circumference  of  the  disk  until  it  fits  the  die  again.  In  this  Banner  the  forma¬ 
tion  of  concentration  gradients  can  be  eliminated,  but  a  loss  of  tlout  in  the 
mass  of  the  di3K  occurs.  Corrections  for  ouch  sample  losses  must  made  in 
kinetic  studies. 


In  thermal  decomposition  studies,  the  disk  containing  the  reactant  or 
reactants  is  heated  for  an  appropriate  length  oT  tine  in  an  air  oven.  Concentra¬ 
tion  changes  occurring  in  the  disk  ar.;  observed  by  first  ouanchint,  the  reaction, 
tnen  repressing  the  heated  disk,  and  finally  recording  its  infrared  spectrum  at 
room  temperature.  This  process  is  repeated  many  times  until  the  reaction  is 
completed.  After  each  repressing  of  the  disk,  which  is  accompanied  by  some  sample 
loss,  the  absorption  bands  used  to  follow  the  kinetics  are  scaled  to  the  initial 
condition  by  multiplying  their  optical  densities  by  tho  initial  disk  weight 
divided  by  the  weight  after  repressing,,  taking  such  corrections  by  weiring  is 
found  to  be  more  accurate  than  by  correcting  for  changes  in  the  disk  thickness 
with  a  Micrometer. 

2.5  Irradiation 

Although  various  kinds  of  radiation  aourcea  including  ultraviolet  lamps  are 
now  readily  available,  we  found  it  most  convenient  to  use  gamma  rays  from  e,  Co-60 
source  to  initiate  chemical  changes  in  a  pressed  alkali  halide  disk.  Irradiations 
are  carried  out  usually  in  air  at  room  temperature  with  each  sample  sealed  in  a 
polyethylene  bag.  for  irradiation  under  a  vacuum  or  in  special  atmospheres  such 
as  in  pure  nitrogen  gas  the  sample  is  placed  in  a  Pyroz  vessel  which  can  be 
evacuated  or  filled  with  a  different  gas.  A  similar  sample  tube  inserted  in  a 
Dewar  vessel  is  used  for  irradiation  of  a  sample  at  the  liquid  nitrogen  temperature. 

When  a  pressed  alkali  halide  disk  is  exposed  to  gamrcc  radiation,  it  becomes 
colored.  A  KCi  matrix  turns  violet  while  KBr  becomes  blue.  The  initial  color 
of  a  KI  matrix  is  green,  but  the  color  soon  changes  to  yellow.  Disks  do  not 
retain  these  colors  very  long,  and  usually  in  a  few  hours  the.  colors  are  bleached 
out.  Bleaching  is  accelerated  by  warming  the  disk  or  by  exposing  the  disk  to 
laboratory  fluorescent  light.  In  a  KBr  disk  without  any  solute,  the  coloration 
is  associated  with  a  weak  absorption  band  at  about  600  nji.  and  another  intense 
band  near  270  The  disk  also  shows  a  very  broad  electron  spin  resonance  signal 
with  g^  2.00  and  a  line  width  of  about  480  gauss.  Both  the  -SR  signal  and  the 
visible-UV  absorption  bands  disappear  when  the  color  of  the  disk  is  bleached. 

2.4  Chemical  Treatment, 

An  alkali  halide  pressed  disk  can  be  subjected  readily  to  chemical  treatment 
after  it  had  boon  pyrolyzsd  or  exposed  to  radiation.  It  can  be  ground  while 
submerged  in  a  given  aolvont  Including  an  isotopically  substituted  solvent,  the 
solvent  can  be  removed  for  analysis  or  discarded,  and  then  the  resulting  powder 
can  be  repressed  into  a  new  disii  for  spectroscopic  examination.  An  oqueouB 
solution,  either  acidic,  neutral,  or  basic,  is  equally  satisfactory  as  a- solvent, 
and  the  powder  in  this  cuse  i£  prepared  by  the  freeze-dry  method.  The  disk  can 
also  bo  ground  in  an  atmosphere  of  a  special  gas,  although  a  more  elaborate 
procedure  may  be  required  in  this  case,  r'or  a  reaction  with  a  gas  like  oxygen 
or  carbon  dioxide,  the  disk  may  be  hand-ground  from  the  outside  of  a  polyethylene 
bag  containing  ouch  a  gas, 

2.5  Instrumentation 

The  principal  method  in  our  laboratory  of  following  chemical  changes  taking 
place  in  the  disk  is  infrared  spectroscopy.  The  disk  is  thin  enough  that  its 
spectrum  CRn  bo  scanned  generally  down  to  about  580  cur^.  Both  prism  instruments, 
like  Perkin-Elmor  Models  21  and  112  with  appropriate  prisma,  and  .rating  instru¬ 
ments  (Perkin-Klmer  Modolo  521  and  225)  wore  used  in  our  measurements.  Since 


many  absorption  bands  in  the  spectra  of  solutes  isolated  in  pressed  disks  are 
sharp,  instrument  resolution  and  scan  conditions  must  be  chosen  so  that  experi¬ 
mental  errors  from  the  infrared  measurement  are  minimised,  .rrors  in  trans¬ 
mittance  measurements  in  kinetics  runs  should  be  keot  to  loss  than  a  few  percent. 
Although  most  infrared  scans  are  made  with  tho  disk  at  the  ambient  temperature 
of  the  infrared  instrument  sample  compartment,  some  scan*  are  made  at  liquid 
nitrogen  temperature  with  a  conventional  glass  lov;  temperature  cell  containing 
a  disk  holder  soldered  on  to  the  cold  finger,  tor  runs  requiring  temperatures 
up  to  about  250°C,  the  disk  is  mounted  in  a  commercial  high  temperature  liquid 
cell  holder. 

Since  tho  transmission  of  a  typical  pressed  disk  is  satisfactory  in  the 
visible  and  near  ultraviolet  region,  the  spectrum  of  a  disk  from  about  2^  to 
about  250  iqj.  can  be  recorded  on  an  instrument  like  a  Cary  Model  14  spectrometer. 
The  disk  is  held  in  the  optical  path  with  a  simple  clamp  device,  and  no  compen¬ 
sating  disk  in  used  in  the  standard  beam. 

For  HSR  measurements  a  Varian  Model  V4502-O6  electron  spin  resonance 
spectrometer  with  a  multipurpose  cavity  me  used,  Normally,  only  a  fragment  of 
a  disk  weighing  about  50  mg  is  found  to  be  sufficient  to  record  the  KSR  spectrum 
of  many  of  our  ion  free  radicals.  Absolute  concentrations  of  such  radicals  are 
determined  by  comparing  their  signal  intensities  to  those  of  Varian 5  s  standard 
pitch  a ample a,  Tho  K3R  g-values  are  obtained  in  the  unual  manner  by  using 
DPPH,  for  example.  A  variable  temperature  probe  is  used  when  the  decay  charac¬ 
teristics  of  the  radical  is  to  be  studied  or  whan  temperature  dependence  of  the 
FSR  signal  line  width  is  to  be  determined. 

The  heating  ovens  usee'  in  our  studies  are  all  very  simple  equipment.  For 
temperatures  near  100°C,  a  standard  laboratory  drying  oven  for  glassware  is 
round  to  be  ddoqunte.  A  fairly  large  aluminum  block  placed  on  the  top  of  a 
small  thermostated  hot-plate  make3  a  good  oven  for  use  in  the  temperature  range 
of  100°  to  about  3C0°C.  In  this  case  a  hole  drilled  into  the  side  of  the  alumi¬ 
num  block  serves  as  the  heating  compartment.  Commercial  laboratory  furnaceB  with 
additional  insulations  and  temperature  control  units  are  used  for  higher  tempera¬ 
tures  up  to  about  600°C,  In  kinetic  runs,  the  oven  temperatures  are  estimated 
to  be  constant  to  a  bout  ±  1°C, 

3.  Results 

3ol  Solute  Distribution 

The  infrared  spectrum  of  an  ionic  solute  dispersed  in  aaalkali  balido  matrix 
by  grinding  is  generally  similar  to  the  spectrum  of  the  same  solute  obtained 
from  a  Rujol  mull.  Thus,  the  environment  of  the  solute  ion  in  the  disk  is 
essentially  the  same  as  that  in  the  original  3olute  salt,  and  the  frequencies 
or  the  bands  in  the  spectrum  are  relatively  independent  of  the  kind  of  alkali 
hallao  used  for  the  matrix,  Tho  pressure  used  to  fabricate  tho  disk  does  not 
appear  to  have  much  effect  on  the  frequencies  either.  However,  with  a  simple 
solute  lik®  XBH4,  prolonged  grinding  causes  the  appearance  of  new  bands.  The 
frequencies  of  such  bands  have  characteristic  values  for  each  matrix,  and  when 
the  disk  is  heated  at  about  5C0°C  for  a  few  minutes,  these  new  bands  become  more 
prominent.  The  final  frequencies  obtained  by  tills  hooting  process  are  the  same 
for  a  given  matrix  whether  KEH4  or  HaBH^  is  used  as  the  solute.  These 
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characteristic  frequencies ,  therefore,  originate  from  the  solute  ion  in  solid 
solution  with  the  matrix,  and  our  results^  are  in  good  agreement  with  those  from 
earlier  studies  by  'Fetolaar  and  Schutte.  ^ 

It  is  not  unreasonable  to  expect  a  small  ion  like  the  BH£  to  fit  into  ion 
vacancies  in  the  lattices  of  the  matrix  crystallites  and  to  form  a  solid  solution, 
but  a  larger  ion  can  also  be  forced  to  go  into  solid  solution  with  the  matrix. 

An  example  of  such  a  case  is  illustrated  in  Figure  i.  When  KCIO^  is  ground  with 
KC1  and  the  resulting  powoer  pressed  into  a  disk,  its  spectrum  in  thellOO  ca--*- 
region  appears  as  shown  in  Spectrum  A  of  thi3  figure If  this  uisk  is  now 
heated  as  indicated  in  the  figure,  sharp  bands  begin  to  appear  until  only  a  pair 
of  such  bands  remains  in  this  region  of  the  spectrum.  Spectrum  C  or  this  figure 
has  not  quite  reached  the  final  state  as  evident  from  the  broadness  of  the  base 
of  the  absorption  bands.  Further  heating,  however,  eliminates  ouch  broadness 

Figure  1  -  Changes  in  the  infrared  spectrum  of  CIO4  in  a  KC1  matrix. 

raid  the  final  spoctrum  ia  similar  to  the  known  solid  solution  spectra  of  the 
seme  aoiute  in  KBr  and  KI  matrices.  Krynauv  and  Schutte?  have  prepared  a  solid 
solution  of  CIO4  in  KBr  and  XI  by  the  freeze-dry  method  ana  have  measured  th9 
spectrum.  Their  results  are  in  good  agreement  with  those  from  our  huatint  method. 
Although  in  our  experiment  the  perchlorate  ion  waa  forced  to  go  into  solid  solu¬ 
tion  with  the  KC1  matrix,  tnc  infrared  spectrum  of  thi3  disk  does  not  indicate 
that  the  solute  ion  has  been  distorted.  There  iB  no  evidence  of  a  breakdown  in 
the  vibrational  ualection  rule,  for  example  like  splitting  of  the  degenerate 
fundamental  bands. 

A  relatively  simple  ion,  wnich  unexpectedly  becomes  distorted  when  it  goe» 
into  solid  solutions  is  the  formate  ion.^  The  change  in  its  infrared  spectrum 
accompanying  solid  solution  formation  is  illustrated  in  wigure  2.  The  spectrum 
A  in  this  figure  ia  obtained  from  a  diok  prepared  by  finding  sodium  formate 
with  KBr ,  and  a  similar  spectrum  results  from  the  freeze-dry  method  or  from  n 
Nujol  mull.  When  this  disk,  is  heated  for  a  few  minutes  at  about  5CXX>C,  it  gives 
the  spectrum  B.  Tnis  remakable  change  is  not  due  to  the  thermal  decomposition 
of  the  aoiute  ion  since  spectrum  A  can  be  regenerated  by  freeze-drying  again  a 
disk  showing  spectrum  fl„  Also,  grinding  the  disk  or  allowing  the  disk  to  stand 
at  room  temperature  for  several  weeks  partially  regenerates  the  original  spectrum. 

Figui'o  2  -  Changes  in  the  infrared  spectrum  of  the  formate  ion  in  a  KBr  matrix. 

As  before  heating,  lit  after  heating  for  2  min  at  500t>C 

Reheating  each  a  disn,  however,  produces  once  again  the  new  infrared  spectrum. 

The  frequencies  of  the  absorption  bands  in  the  new  infrared  spectrum  are  character¬ 
istic  of  the  matrix  salt  and  are  listed  in  Table  1  for  various  matrices.  Results 
from  carbon  and  hydrogen  isotopic  species  are  also  listed  here.  Identical  fre¬ 
quencies  ore  obtained  after  heating  a  given  matrix  whether  the  initial  solute  is 
sodium  formate,  pa&  asium  formate,  or  for  that-  matter  a  frsfpient  of  a  different 
halide  disk  containing  the  formate  ion  in  Bolid  solution. 

Table  1.  Iafx’arod  spectrum  of  the  formate  ion  in  potassium  halide  matrices. 

First  column,  vibrational  mode*  Cl!  stretch,  CO^  antisymmetric  stretch,  CH  in~plano 
bond,  C0;>  symmetric  stretch,  COj  deformation. 

(a)  Frequencies  are  in  ca-^  unit.  The  spectra  wex-e  recorded  at  liquid  nitrogen 
temperature.  See  reference  10. 


The  infrared  absorption  bonds  of  a  solute  ion  in  solid  solution  with  the 
matrix  are  generally  suite  sharp  as  illustrated  for  exaraule  in  Figure  1,  and 
their  peak  intensities  vary  linearly  with  concentration.  fhe  dependence  of 
peak  absorption  coefficients  of  two  infr-red  band?  of  the  perchlorate  iori  on 
the  concentration  of  this  ion  in  a  KI  matrix  ( f reeze-dried }  is  shown  in 
Figure  3*®  Here,  the  concentration  of  the  solute  is  expressed  in  (mgKCLO^)/(g  KX.  ) 
and  the  peak  optical  densityia  corrected  to  represent  the  absorption  by  a  disk 
of  13  mra  diameter  with  a  mass  of  exactly  0.4  g.  For  the  most  int-.nse  CIO 
stretch  fundamental  at  1113  c m-l,  the  molar  extinction  coefficient  io  about 
5,900  M"'l  cs"“l.  A  similar  value  is  found  for  the  same  fundamental  in  other 
potassium  halide  matrices* 


Figure  3*  Intensities  of  the  infrared  bands  of  the  perchlorate  ion  in  a  KI  matrix. 
Ordinate  -  optical  density 


Perhaps  the  sharpest  fundamental  absorption  bands  ns  have  observed  to  date 
are  those  of  the  cyar.ate  ion  in  solid  solution  with  alkali  halide  matricea,11  The 
molar  extinction  coefficient  of  the  moat  intense  band  at  2101.0  cm-1  is  about 
1*6x10**  cm"*!  in  a  KC1  matrix,  and  this  value  permits  detection  of  about  0.5 


Hg  of  KOCN  in  a  300  KC1  disk.  Near  room  temperature  this  fundamental  has  * 
band  width  of  1.4  cm"-1-  while  at  liquid  nitrogen  temperature  the  width  decreases 
to  0.68  At  low  temperatures  this  banu  may  not  be  fully  resolved  by  the 

spectrometer,  but  the  bands  have  Lorentz  profiles  at  both  the  room  and  low 
temperatures .  The  frequencies*  of  numerous  overtones  and  combination  band*  of  the 
cyarwte  ion  we  observed  by  the  disk  method  are  in  excellent  agreement  with  the 
results  reported  by  other  investigators^'  who  used  single  crystal  potaasium 
halides  containing  the  cy ana to  impurity. 


Reference  12  .  .....  and  see  references*  cited  theiein. 


A®  the  solute  ion  becomes  more  complex  its  infrared  spectrum  begins  to 
depend  more  critically  on  the  kind  of  matrix  uaed  to  prepare  the  di3k.  An  example 
of  such  a  case  is  illustrated  in  Fif^ure  5  which  shows  the  infrerad  spectrum  of 
(B02~)j  t&Kcn  in  three  sodium  halide  mn trice*. 2  As  we  will  describe  later,  the 
solute* in  this  case  was  prepared  directly  in  the  disk  by  the  oxidation  of  BH^“. 
Although  the  changes  in  these  apectra  are  most  certainly  due  to  distortions  of 
the  solute  1036,  it  is  not  possible  to  specify  what  these  distortions  actually 
are.  It  is  this  kind  of  difficulty  that  i3  0  ften  encountered  in  pressed  disks 
of  complicated  solutes  and  which  mokes  the  interpretation  of  experimental  data 
from  such  disks  doubtful  in  many  instances. 

Moat  aolutes  used  in  our  investigations  are  sodium  ar  potassium  salts,  and, 
generally,  it  does  not  matter  which  of  these  cations  is  present  initially.  The 
infrared  apectra  of  the  sodium  /ami  the  potassium  salt  in  a  given  matrix  differ 
slightly  at  the  beginning,  but  the  final  apectra  after  heating  are  usually 
indistinguishable.  Thus,  there  io  a  rapid  exchange  of  the  cation  when  the  disk 
is  heated.  The  situation  iu  different,  however,  for  the  two  calcium  salts  we 
examined.  With  these  aoiuies,  there  is  only  a  negligible  amount  of  cation 
exchange,  und  the  spectra  of  the  solutes  are  essentially  independent  of  the  kind 
of  matrix  aalt  uaed  to  prepare  the  pressed  diotm.  This  difference  is  illustrated 
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in  Figure  13  for  calcium  oxalate.  Spectrum  A  in  thia  figure  is  that  of  calcium 
oxalate  crystallites  dispersed  in  a  KBr  matrix,  and  itshcws  'that  the  water  of 
crystallization  is  still  present.  When  this  disk  is  heated,  Spectrum  B  results, 
fills  is  the  infrared  spectrum  of  calcium  oxalate  dispersed  in  a  KBr  matrix,  and 
it  is  different  from  the  infrared  spectrum  of  the  oxalate  ion  dispersed  in  a 
KBr  matrix.,.14  A  similar  difference  is  observed  with  calcium  formate  dispersed 
in  potassium  halide  matrices.  In  this  case,  the  formate  ion  does  not  become 
distorted  'when  the  disk  is  heated,-^  Aa  it  will  be  described  later,  when  calcium 
formate  or  calcium  oxalate  is  thermally  decomposed  in  a  KBr  matrix,  calcium 
carbonate  results  as  the  reaction  product. 

3.2  Chemical  Kinetics 

When  a  disk  containing  a  solute  which  is  susceptible  to  oxidation  la  heated 
for  a  feu  minutes  at  a  high  temperature,  its  infrared  spectrum  shows  the  absorp~ 
tion  bands  of  both  the  solute  and  its  oxidation  products.  Such  an  oxidation  of 
the  BH4“  ion  in  a  KBr  disk  by  heating  at  about  500°C  is  shown  in  Figure  4,  spectrum 
B. 2,3.6  here,  the  triplet  band  near  2300  cm“l  and  another  intense  band  at  1130 

are  the  infrared  fundamentals  of  the  borohydride  ion,  and  the  remaining  bands 
are  due  to  boron  oxides.  Spectrum  A  shows  u  complete  oxidation  of  the  borohydride 
ion,  and  this  is  achieved  by  incorporating  initially  an  oxidizing  reagent  like 
perchlorate  as  a  second  solute  in  the  disk.  In  this  case  there  are  no  absorption 
bands  due  to  the  BH4  ion.  On  the  other  hand,  the  oxidation  of  the  solute  by 
trapped  oxygen  of  the  air  can  be  minimized  by  heating  the  disk  gradually  from 
room  temperature  to  the  roaction  temperature.  Degassing  the  matrix  powder  by 
heating,  and  then  grinding  the  solute  and  the  matrix  salt  in  a  nitrogen  atmosphere 
also  reduce  the  oxidation  reactions  of  the  solute. 


figure  4.  Oxidation  of  the  borohydride  ion  in  a  KBr  matrix, 
A j  complete  reaction  Bi-  partial  roaction 


In  the  infrared  spectra  of  boron  oxides  snow  in  figure  4,  the  pair  of  sharp 
bands  near  2000  cm**-*-  arisss  from  the  antisymmetric  stretch  fundamental  of  the 
isotopic  BO2”  ions  (B--10  and  B-ll).  This  is  a  linear  symmetric  ion,  and  it3  only 
other  infrared  active  fundamental  is  the  bending  mode  band  near  590  cm-1.  The 
frequencies  of  these  fundamentals  observed  in  different  pressed  alkali  halide 
matrices  are  summarized  in  Table  2.  Our  frequencies  are  in  good  agreement  with 
those  of  Priced  who  used  alkali  halide  single  crystals  containing  the  borohydride 
ion  impurity.  The  remaining  prominent  bands  in  the  spectra  are  assigned  to  the 

ion.2  However,  the  assignment  of  the  fundamentals  of  thia  trimer  ie  still 


Table  2.  Infrared  frequencies  of  in  alkali  halide  matrices  ^cm~  ). 

Column  ones  matrix  Column  4  &  5  s  single  crystals 

(a)  reference  2  (b)  reference  17 


uncertain  because  it  is  not  always  poosiblc  to  deterrain«  whether  the  observed 
fine  structures  of  an  absorption  band  are  due  to  a  distortion  of  the  solute  ion 
in  a  given  matrix  or  to  a  different  combination  of  the  boron  isotopes  in  the 
trimer  ion.  In  Figure  5  are  ohovn  the  spectra  of  the  (KOg")^  ion  trapped  in 
different  sodium  halide  matrices,  and  compariso  n  of  these  spectra  with  those  in 
Figure  4  indicates  that  the  distortion  of  the  trimer  ion  is  considerably  different 


according  to  the  matrix  salt,16  In  3pite  or  thi3  difficulty,  vjo  can  conclude 
that  the  primary  oxidation  product  ol*  the  borohydride  ion  in  the  BOg"  ion  and 
this  ion  in  turn  diffuses  tnrough  the  matrix  and  forms  the  trimer  ion. 


figure  5.  The  infrared  spectrum  of  the  (B02**)2  ion  in  sodium  halide  matrices. 

When  &  disk,  containing  the  B02~  and  (BC^K  ions  i3  hydrolyzed  in  an 
aqueous  acidic  solution  and  then  frsese-dried,  its  infrared  spectrum  shows  boric 
acid  as  the  reaction  product.  Uowever,  dehydration  of  boric  acid  in 
alkali  halide  disk  does  not  produce  these  ions.  As  shown  in  figure  6 
dehydration  is  performed  by  heating  at  about  550°C  a  KBr  disk  containing  boric 
acid,  the  final  spectrum  which  results  from  the  heating  process  is  spectrum  A. 

On  the  other  hand,  if  thedehydraticn  is  carried  out  at  the  same  temperature  on 
«  powdered  mixture  of  boric  acid  and  KBr  arid  then  this  powder  is  pressed  into 
a  disk,  spectrum  B  ia  obtained „  The  appreciable  difference  between  these  spectra 
indicates  that  surface  effects  must  be  important  in  the  dehydration  reaction  of 
solid  boric  acid. 


a.  pressed 
.  if  the 


Figure  6.  Dehydration  reaction  of  boric  acid.  Ag  Keaction  in  n  KBr  matrix, 
Bj  Heaction  in  a  powdered  matrix  material. 


Another  experiment  which  shows  how  roaaily  solute  ions  can  diffuse  through 
the  matrix  of  a  prossod  disk  and  react  is  the  following.  When  a  KBr  disk 
containing  the  two  solutes  ammonium  bromide  and  potassium  borohydride  is  hosted 
at  about  t>G0~600°C ,  a  complex  infrared  spectrum  is  observed.^  However,  if  the 
heating  i3  continued  the  spectrum  finally  becomes  as  shown  in  Figure  7.  This 
is  a  spectrum  of  boron  nitride2,8  synthesized  in  a  KBr  disk.  Thus,  the  ammonium 
ion  and  the  borohydride  ion,  which  were  far  apart  initially,  diffuse  easily 
through  the  matrix  and  react  with  each  other. 

Figure  7.  Infrared  spectrum  of  BN  prepared  by  the  reaction  of  nnd  BH^~  ions 
in  a  KBr  matrix. 


As  we  described  before,  when  a  KBr  disk  containing  the  formate  ion  i3  heated 
for  a  few  minuto3  at  about  bOO°C,  the  formate  ion  forms  a  solid  solution  with  the 
matrix  and  becomes  distorted.  Figure  2  illustrates  this  change  in  the  infrared 
spectrum,  and  the  new  bund  frequencies  are  given  in  Table  l.1^  If  the  heating 
is  continued  at  a  higher  temperature,  all  formate  bands  become  progressively 
weaker  and  a  new  set  of  bands  due  to  the  carbonate  ion  appears  in  the  infrared 
spectrum  of  the  disk.  The  changes  in  optical  densities  of  two  formats  infrared 
bands  and  one  carbonate  band  as  a  KBr  disk  with  3.24  rag  BaHCOg/g  KBr  is  hoated 
at  577°C  are  displayed  in  Figure  8<29  Here,  each  point  in  this  figure  is  obtained 
from  an  infrared  spectrum  recorded  at  room  tempera turo  (see  2.2).  From  such 


Figure  8.  Changes  in  infrared  band  optical  densities  during  the  thermal  decompo~ 
sition  of  the  formate  ion  in  «  KBr  matrix. 


data  together  with  concentration  calibration  curves,  ve  find  that  the  principal 
reaction  in  the  disk  is 

=  co3~2  +  h2  +  CO. 


2  1IC02~ 
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A  log-leg  plot  of  the  rate  of  disappearance  of  the  formate  versus  the 
formate  concentration  shows  that  this  reaction  is  second  order  in  formate. 
Indeed,  when  the  reciprocal  of  the  formate  optical  density  from  Figure  8  is 
plotted  against  time,  a  straight  line  results  as  shown  in  Figure  9.  A  similar 
second  order  plot  for  the  carbonate  band  is  also  3aown  in  this  figure.  In  this 
case  the  reaction  stoichiometry  is  used  to  convert  the  carbonate  to  the  formate 
concentration.  Both  the  second  order  rate  constants  from  the  formate  and  the 
carbonate  plots  are  the  same,  and  results  from  these  two  infrared  band3  axe 
given  in  Table  3  in  the  Arrhenius  form.  Kxperimental  results  from  300^“  are 
also  included  in  this  table. 


Figure  9-  Second  order  reaction  of  the  formate  ion  in  a  KBr  matrix.  Ordinates 
inverse  of  the  optical  density,  Abscissas  tisae 

Table  3-  Thermal  decomposition  rate  constant  of  the  formate  ion  in  KBr  matrix. 
Column  1,'  infrared  band,  Column  2.°  activation  energy,  Column  3;  frequency  factor, 
(a)  from  references  10  and  15. 


Since  pure  sodium  or  potassium  formate  melts  before  it  decomposes,  its 
kineties  cannot  be  studied  by  TGA ,  However,  if  these  formates  are  pressed  into 
disks  with  KBr  or  other  alkali  halides,  then  such  disks  nay  be  suitable  for  TGA. 
Figure  10  illustrates  a  TGA  result  at  570°C  from  a  disk  containing  27.5  mg  3odium 
form*te/g  KBr.  The  decomposition  is  clearly  second  order  and  gives  a  rate  constant 
of  1„7x10“3  fplsoc'*-*-  which  agrees  well  with  1.8xl0~3  H“^sec”^  calculated  from 
the  Arrhenius  parameters  of  Table  3- 

There  is  some  dependence  of  the  second  order  decomposition  rate  Constant 
of  the  formate  ion  on  the  matrix  salt, 10  but  the  reaction  activation  energies 
in  different  matrices  appear  to  be  the  same  within  the  estimated  error  limits. 
However,  the  rate  constants  in  KI  and  I.aBr  matrices  are  higher  than  those  in 
KC1  and  KBr  matrices  by  a  factor  of  about  ten.  Also  with  calcium  formate  the 


Figure  10.  Decomposition  reaction  of  the  formate  ion  in  a  KBr  matrix,  (by  TGA). 
Figure  11.  Arrhenius  plot  for  Cf.lcium  formats  and  calcium  formate-d. 


decomposition  is  first  order  in  formate,  and  calcium  carbonate  is  the  reaction 
product. 15  An  Arrhenius  piol  of  the  rate  constants  for  the  decomposition  of 
calcium  formate  and  calcium  formate  d  is  shown  in  Figure  11.  The  activation  energy 
from  this  Figure  is  about  the  same  as  that  for  the  formate  ion  listed  in  Table  3» 

A  similar  activation  energy  is  obtained  from  TGA  on  the  undiluted  calcium  formate 
samples,  although  the  rate  constants  arc  higher  by  a  factor  of  about  30  than 
those  from  the  infrared  studies.  Thao®  hi; 'her*  TGA  constants  are  presumably  due 
to  self  heating  of  the  samples  by  bhe  exothermic  oxidation  of  CO.  The  lfttter 
exothermic  reaction  and  an  increase  in  the  sample  temperature  are  observed  in  a 
differential  thermal  analysis  of  calcium  romftte  in  an  oxygen  atmosphere.  If  a 
KBr  disk  containing  calcium  formate  is  used  in  TGA,  then  noi.  only  are  smoother 
TG  curves  obtained  but  better  agreement  with  the  infrared  data  results.  With  a 


disk  containing  (lo  mg  calcium  formate)/^*  KBr),  a  TGA  rate  constant  of  4.2x10 
see-1  in  obtained  at  472°C  while  the  calculated  rate  constant  from  the  infrared 
data  is  3.0xlO~4  sec~l. 

The  Arrhenius  parameters  of  the  rate  constants  for  the  thermal  decomposition 
of  potissium  oxalate  and  calcium  oxalate  in  KBr  disks  are  summarized  in  Table  4. 
Unlike  the  case  of  the  formate  ion  described  before,  the  decomposition  kinetics 
of  both  the  potassium  and  calcium  salts  of  the  oxalate  ion  is  first  order.  The 
activation  energies  of  these  two  solutes  appear  to  be  the  same  within  the 
experimental  error  limits,  but  the  rate  constants  from  the  potassium  salt  are 
larger  by  a  factor  of  about  2  than  those  from  the  calcium  salt.  Although  this 
factor  is  only  slightly  greater  than  the  experimental  uncertainty,  TGA  runs  on 
undiluted  calcium  oxalate  samples  indicate  that  there  is  a  definite  dependence 
of  the  decomposition  rate  on  the  environment. 13  The  TGA  rate  constants  from  the 
undiluted  reagent  samples  are  about  100  times  greater  than  the  rate  constants 
determined  from  the  infrared  spectra  of  the  pressed  disks.  However,,  a  TGA  rate 
constant  at  blO°C  from  a  pressed  disk  with  10  mg/g  of  the  calcium  salt  in  KBr 
was  i<7rl0~4  sec'"*'-  which  agrees  well  with  a  value  of  1.3xlO“4  aee~l  calculated 
from  the  infrared  data. 

Table  4.  Thermal  decomposition  rate  constant  of  the  oxalate  ion  in  a  KBr  matrix. 
Column  1;  Infra  rad  band  ,  Column  2i  activation  energy,  Column  5.  frequency  factor. 

(a)  from  references  13  and  14. 

(b)  prepared  from  calcium  bromide  and  oxalic  acid,  see  reforence  13. 

Another  factor  which  affects  the  decomposition  of  calcium  oxalate  is  the 
method  of  preparation  of  tliis  salt.  When  «  solute  prepared  free  calcium  bromide 
and  oxalic  acid  is  pressed  into  a  KBr  disk,  its  infrared  spectrum  snows  two 
transient  bands  during  the  thermal  decomposition  reaction  as  illustrated  in 
figure  13  vtvo  arrows). 13  Neither  the  reagent  grade  calcium  oxalate  nor  the 
potassium  salt,  whose  spectrum  ia  shown  in  Figure  12,  produces  these  transient 
bands  in  the  infrared  spectrum.  In  audition,  TGA  shews  that  the  prepared  salt 
decomposes  only  about  one  half  as  fast  as  the  reagent  salt,  and  the  differential 
thermal  analysis  curve  of  ths  prepared  material  has  an  extra  peak  compared  to 
the  curve  for  the  reagent  salt.  These  anomalous  reoults  observed  with  the  pre¬ 
pared  calcium  oxalate  have  been  interpreted  previously  as  arising  from  the  forma¬ 
tion  and  decomposition  of  the  calcium  salt  with  non-planer  oxalate  ions. 13 

Hhen  potassium  oxalate  is  decomposed  in  a  KBr  disk,  invariably  two  seta 
of  infrared  barcis  due  to  minor  decomposition  products  are  observed  in  addition 
to  those  of  the  expected  carbonate  ion. 14  The  frequencies  of  one  3et  of  bands 
are  t!w>  same  as  those  listed  in  Table  1,  so  the  formate  ion  ia  one  of  these  minor 
products.  The  second  product  has  been  identified  as  the  monomeric  bicarbonate 
ion,  and  its  fundamental  frequencies^  are  given  in  Table  5..  These  products  are 
formed  by  tho  reaction  of  the  oxalate  ion  with  traces  of  water  trapped  in  the 
matrix.  Thus,  if  trie  oxal-te  in  KBr  is  prepared  by  the  freeze-dry  method  from 
heavy  water,  then  forma te-u  and  bicarbonate-d  are  observed  instead.  Since  the 
amount  of  trapped  water  is  relatively  constant  from  one  disk  to  another,  the 
maximum  amount  of  formate  and  bicurbonato  observed  during  the  decomposition  is 
about  the  same  .in  different  disks  and  is  independent  of  the  initial  oxalate 
concentration.  The  yield  of  the  carbonate  ion,  on  the  other  hand,  is  dependent 
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on  the  initial  oxalate  concentration.  For  example,  in  a  disk  with  0.313  mg 
potassium  oxalate/g  KBr  the  carbonate  yield  was  only  about  25^  and  the  formation 


figure  12,  Infi-ared  spectrum  of  the  oxalate  ion  in  a  KBr  matrix,  ks  before 
heating,  B$  5  min  heating  at  506°C,  Cs  100  min  heating  at  50G°C. 

figure  13.  Infra  red  spectrum  of  calcium  oxalate  in  a  KBr  matrix.  A;  before 
heating,  Bs  2  ain  heating  at  490°C,  C:  543  min  heating  at  490^0 . 

Table  5.  Infrared  spectrum  of  bica  rbonate  ion  in  alkali  halide  disks, 
left  columns  fundamental  vibration,  OH  stretch,  CO2  antisymmetric  stretch,  COg 
symmetric  stretch,  HOC  bend,  C-(OH)  stretch,  COg  deformation,  OH  in-plane  bend, 
COj  out-of -plane  bend,  OH  torsion. 

(a)  spectrum  recorded  at  liquid  nitrogen  temperature,  see  reference  20. 


of  the  formate  anu  bicarbonate  ions  accounts  for  the  remaining  755^  of  the  oxalate 
reaction.  In  the  decomposition  of  calcium  oxalate,  the  yield  of  calcium  carbonate 
was  always  better  than  9<$. 

The  identification  of  the  infrared  bands  of  the  monomeric  bicarbonate  ion 
was  accomplished  in  a  very  simple  v/ay,  In  an  unheated  pressed  disk  containing 
the  ordinary  potassium  bicarbonate  reagent,  the  bicarbonate  ion  exists  as  cyclic 
dimers.  A  typical  infrared  spectrum  of  a  KBr  disk  with  2mg/g  of  potassium 
bicarbonate  is  shown  by  the  curve  A  of  l'igure  14.  However,  wnen  this  disk  is 
heated  for  about  30  sec  at  480°C,  the  pressed  disk  gives  spectrum  B.  In  addi¬ 
tion  to  the  well  known  bands  of  the  carbonate  ion,  the  lower  spectrum  shows 
numerous  other  sharp  absorptions  which  have  been  identified  us  those  of  the 
monomeric  bicarbonate  ion  by  isotopic  substitution  studies  and  a  complete  normal 
coordinate  analysis.  The  intense  and  broad  infrared  band  near  1400  cm-1  in 
spectrum  B  indicates  that  a  considerable  amount  of  carbonate  is  still  produced 
during  the  decomposition.  However,  the  amount  of  carbonate  ion  ,  n  be  made 
negligible  by  reducing  the  initial  weight  of  the  solute.  For  example  in  Figure 
15,  the  spectrum  of  the  same  1400  cm~l  region  shows  only  a  small  trace  of 
carbonate. 


Figure  14.  Infrared  spectrum  of  too  bicarbonate  ion  in  a  KBr  matrix.  As  befors 
heating,  Bi  30  sec  hcatisjg  at  480°C. 

Figure  15.  rnfrared  spectrum  of  the  bicarbonate  ion  in  a  KBr  matrix  (during 
thermal  decomposition,). 


The  monomeric  bicarbonate  ion,  once  it  is  trapped  in  a  pressed  potassium 
halide  di3k,  is  3table  at  ordinary  temperatures  However,  if  such  a  disk  is 
heated  at  about  500°C  for  suvoral  hours,  an  unexpected  product,  the  formate  ion, 
is  obtained. The  sharp  infrared  band  near  163')  cm“l  in  the  spectrum  of  Fifpxre 
15  is  due  to  this  reaction  product.  In  this  un  sual  reaction,  the  decay  of  the 
bicarbonate  and  the  growth  of  the  formate  follow  a  first  order  kinetics,  and  the 
rate  constant  at  488°C  is  5. 4x1(1  4  sec“1.22  From  bicarbonate-d  formate-d  is 
obtained.  Alao,  this  reaction  may  be  related  to  the  decomposition  reaction 
described  earlier  in  which  a  smal}.  amount  of  bicarbonate  is  obtained  from  the 
formate  ion .10 


In  the  kinetic  studies  described  thus  far,  the  infrared  3pectra  of  the 
reactants  and  products  were  all  fairly  well  known.  However,  a  complete  assign¬ 
ment  of  the  spectrur  of  a  compound  is  not  necessary  in  order  to  study  the  kinetics 
by  the  infrared  disk  method.  An  example  of  such  a  kinetic  study  is  illustrated 
by  the  infrared  spectrum  sho7m  in  figure  16.23  This  spectrum  consists  of  absorp¬ 
tion  bands  of  the  aaleate  (cio)  and  fumarate(trans)  ions  dispersed  in  a  KBr  disk, 
and  it  represents  the  intermediate  state  during  the  isomerization  reaction  (2). 
equation  (2) 


figure  16.  .teleate-fumarate  isomerization  reaction  in  a  KBr  matrix. 


This  isomerization  is  well  known, 24  but  it  is  a  reaction  which  cannot  be 
studied  by  7CA.  Thu  KBr  disk  which  gave  the  spectrum  of  figure  lb  showed  initial- 
lyonly  the  absorption  bands  of  the  maleate  ion.  On  heating  this  disk  at  200- 
jOO°G,  tne  absorption  bands  of  the  aaleate  ion  decrease  and  tnose  of  the  fumarate 
ion  begin  to  appear.  Whan  the  isomerization  is  completed,  only  the  bands  of  the 
latter  ion  remain  in  the  spectrum.  Although  the  infrared  spectra  of  both  ions 
have  not  been  assigned,  the  two  relatively  well  isolated  bands  identified  by 
arrows  can  be  used  to  follow  this  interesting  kinetics.  In  the  KC1  matrix  thie 
isomerization  rate  constant  is  3.3x10^5  exp(-47.8  kcal/RT)  aec“l  .  Similar  rate 
cons'  ts  are  obtained  in  KBr  and  KI  matrices.  The  infrared  study  shows,  in 
addiv  a,  that  this  isomerization  reaction  is  essentially  Quantitative  and  that 
the  fumarat®  ion  decomposes  at  a  higher  temperature. 

3*3  Irradiation  Studies 

The  remarkable  shift  of  the  CH  bond  stretch  infrared  absorption  band  to  a 
lower  frequency,  when  the  formate  ion  goes  into  3olia  solution  with  the  alkali 
halide  matrix,  suggests  that  this  bond  has  become  significantly  weaker.  Thus, 
one  expects  that  the  hydrogen  atom  may  be  removed  easily  if  the  disk  is  exposed 
to  gamma  radiation.  This  turns  out  to  be  the  case,  and  a  strong  il’SR  signal  due 
to  the  COp"  radical  ion25  ia  observed  oven  at  room  temperature. 


figure  17.  kSR  spectrum  of  the  carbon  dioxide  anion  radical  in  a  XBr  matrix. 
(3$  C-13). 


figure  17  shows  the  room  temperature  iSR  spectrum  obtained  from  an  irradiated 
KBr  dick  containing  1.3®g/6  of  sodlwa  formate  (54*1  C-13)  in  30lid  solution. 2k 
If  the  normal  isotopic  foraato  i3  used,  only  the  central  line  is  obaerved.  The 
KSR  g-values,  line  widths,  and  C-13  byperfine  splittings  for  the  carbon  dioxide 
anion  radical  trapped  in  different  potassium  halioa  matrices  are  summarized  in 
Table  6.  Results  from  an  unheated  K3r  disk  are  also  listed  here.  In  this  case 
the  solute  is  otill  present  essentially  as  sodium  formate  cryatallites,  and  the 
rSR  apectruifl  of  the  radical  ion  shows  additional  hyperfine  splittings  due  to 
Na~23  ion.  However,  such  splitting  was  not  observed  when  this  radical  was 
trapped  in  a  I.&Br  matrix.  Our  experimental  results  from  the  unheated  KBr  disk 
are  comparable  to  those  obtained  by  Ovenall  and  whiffen^  from  a  single  crystal 
of  sodium  formate. 

The  infrared  absorption  spectx'um  of  an  irradiated  nBr  disk  containing 
isotopic  formate  ions  in  solid  solution  is  shown  in  figure  18.  This  spectrum, 
which  was  recorded  at  liquid  nitrogen  temperature  to  sharpen  the  absorption  peaks , 
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shows  two  new  intense  ands  at  1671.0  nnd  1626.5  cm"1.  Only  the  first  bond  is 
observed  if  a  normal  isotopic  formate  is  used  as  the  solute,  and  erectly  the 
same  frequency  is  obtained  from  the  irradiation  of  form&te-d.  As  shown  in 
Figure  19  the  optical  density  of  the  1671.0  cm***  band  correlates  with  the  FSR 
intensity  of  the  anion  free  radical,  so  this  infrared  band  can  be  assigned  to 
the  same  free  radical.  In  this  figure,  the  opened  circles  represent  data 
obtained  from  a  grovjth  experiment  in  which  the  changes  in  relative  intensities 
ar-j  measured  an  the  irradiation  time  is  increased.  In  the  decay  experiment 
(closed  circles),  the  disk  is  heated  and  th> n  the  intensity  changes  are  measured. 

Since  the  transmission  of  a  typical  pressed  KBr  disk  in  the  visible  and 
ultraviolet  region  is  satisfactory ,  the  spectrum  of  an  irradiated  disk  in  this 


Figure  18.  Infrared  spectrum  of  the  CO2"  radical  in  a  KBr  disk  (549»  c-13,  spectrum 
recorded  at  «190°C). 

Figure  19.  Intensity  relationship  for  the  infrared  absorption  spectrum  and  the 
ESR  spectrum  of  the  CO2**  radical  in  a  KBr  matrix.  Ordinates  ESR  intensity, 
abacissat  optical  density. 

wavelength  region  can  be  obtained  as  illustra  ted  in  Figure  20.  Here,  the 

spectrum  shown  by  the  solid  curve  is  from  an  irradiated  disk  with  the  formate 
ion  in  solid  solution,  and  the  weak  band  in  this  spectrum  at  365n  f  i»  due  to 
the  CC>2~  radical. Wot  only  is  this  band  absent  in  the  spectrum  of  an  irradiated 
pressed  KBr  blank  (Figure  20,  dotted  curve),  but  its  optical  density  correlates 


Figure  20.  Klectronic  spectrum  of  a  KBr  matrix  after  gamma  irradiation. 

....  disk  without  a  solute,  ____  solid  solution  disk.  Ordinate  ■*  optical  density. 


Figure  21.  Intensity  relationship  for  the  infrared  absorption  spectri  nd  the 
electronic  spectrum  of  the  C02“  radical  in  a  KBr  matrix.  Both  axes  optical  densities. 

with  that  of  the  1671  cm"*  infrared  band  as  shown  in  Figure  21.  Like  in  the 
correlation  diagram  of  Figure  19,  the  opened  and  closed  circles  in  Figure  .21 
correspond  to  the  growth  and  decay  experiments,  respectively. 

The  CO2"  radical  is  stable  a c  room  temperature  when  it  is  isolated  in  a  KBr 
disk.  However,  if  thi3  disk  is  irradiated  further  or  is  heated  at  about  100°C, 
the  radical  13  destroyed.^0  The  reaction  of  the  free  radical  with  traces  of 
water  in  the  matrix  appears  to  be  the  principal  mode  of  decay  in  a  typical 
pressed  disk,  and  the  reaction  products  are  the  formate  and  bicarbonate  5.6 ns. 
if  a  KBr  disk  with  this  free  radical  and  HCO2”  is  freeae-dried  from  heavy  water, 
the  infrared  spectrum  of  the  resulting  disk  shows  the  absorption  bands  of  formate-d 
and  bicarbonate~d.  On  the  other  hand,  normal  isotopic  formate  and  bicarbonate 
iona  are  obtained  with  a  diok  with  the  radical  and  forsate-d  is  dissolved  in 
normal  water,  when  the  1671  cia“*  band  of  this  radical  is  used  to  follow  the 
decay  kinetics  in  the  temperature  range  of  85~180°C,  the  kinetics  appears  to  be 
first  order  with  «n  activation  energy  of  about  6  kcal/mole, “However,  if  this 
decay  reaction  is  used  repeatedly  to  destroy  the  Inst  traces  of  water  trapped 
in  the  disk,  the  decomposition  of  the  radical  finally  becomes  second  order  in 

this  radical 
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If  a  KBr  diak  with  the  formate  ion  in  solid  solution  is  irradiated  for 
several  days,  a  new  KSR  signal,  other  than  that  due  to  the  COjT  radical,  a»|>ears 
weakly  in  the  spectrum  of  the  sample.  The  sane  signal  is  also  obtained  from 
the  irradiation  of  a  diak  containing  the  monomeric  bicarbonate  ion.  This  signal 
is  assigned  to  the  carbonate  anion  radical  on  the  following  experimental  basis. 

The  rate  of  increase  of  the  KSR  signal  with  increasing  irradiation  time  depends 
linearly  on  the  rate  of  decrease  of  the  optical  density  of  the  strongest  bi¬ 
carbonate  infrared  band.  Figure  22  illustrates  this  correlation,  and  from  this 
one  may  conclude  that  the  free  radical  is  produced  from  the  bicarbonate  ion. 
Furthermore,  the  ESK  spectrum  is  not  affected  by  changing  the  initial  solute  to 
bic»rbonate~d  oz'  for  that  matter  to  the  carbonate  ion,  but  hyperfine  splitting 
is  produced  by  the  substitution  of  the  C~13  isotope  in  the  original  solute.  Such 
C-»13hyperfine  aplittinga,  as  well  as  KSR  g-valuo3  and  line  widths,  for  the  C(Xj“ 
radical  are  summarized  in  Table  6.22 

The  yield  of  the  COj"  radical  from  gamma  irradiation  of  a  pressed  KBr  disk 
containing  bicarbonate  is  considerably  less  than  the  yield  of  the  COg”  radical 
from  the  format©  ion.^2  Typically,  with  a  0,5  g  KC1  disk  containing  0.05  mg  of 
potassium  biex  rbonate,  an  optimum  concentration  of  the  bicarbonate  monomer  is 
obtained  after  heating  for  about  5  min  at  about  450°C -  Gamma  irradiation  of  this 
disk  gives  about  10~8  aole  of  trapped  CO,”  radical,  which  is  about  ICO  times  less 
than  the  yield  of  the  CO2”  radical  from  *  typical  formate  disk.  The  COj”  radical 

Table  6.  FSR  results  from  C02~  and  COj”  radicals  isolated  in  alkali  halide 
matrices.  Column  headings  matrix  ,  g,  line  width,  C-13  splitting 
(a)  measurements  made  at  room  temperature,  see  references  22  and  26. 

Figure  22.  Intensity  relationship  for  the  CO,”  radical  KSR  spectrum  and  the 
bicarbonate  infrared  band,  in  a  KC1  matrix.  Ordina  teg  a(kSR  intensity )/At, 
a  bscieoas  A(optic»l  density )/At. 

Figure  23.  Second  order  decay  reaction  of  the  CO^”  radical  in  s  KC1  matrix  (96°C). 
Ordinate?  inverse  of  KSR  iutentiity,  abscissas  time. 

is  olno  less  stable  than  the  COg~  radical,  and  it  decays  by  a  second  order  rate 
law  as  illustrated  in  Fifnirc  23.  Hare,  the  temperature  is  9&°C  and  the  decay 
half-life  is  17  min.  The  decay  product  is  diamagnetic  so  the  reaction  is 
probably  the  diraarization  of  the  free  radical.  In  a  KC1  matrix  for  the  temperature 
range  70-120°C,  the  decay  rate  constant  i*  l08xlOlO«xp(-14.8  kcal/RT )  K-lseC"*.'^ 
This  correspond!*  to  a  half-life  of  44  hours  at  25°C,  while  the  estimated  half- 
lif«26  for  the  COr,“  radical  at  the  same  temperature  is  more  than  one  year.  The 
decay  of  ths  CO5*”  radical  in  KBr  or  K1  matrix  is  even  faster. 

When  the  temperature  of  c  KC1  disk  containing  th®  COj~  radical  is  reduced 
below  room  temperature,  the  line  width  of  the  KSK  signal  of  this  radical  first 
decreases.  Ac  the  temperature  becomes  lower  than  about  -150°C,  the  line  broadens 
again  until  it  finally  splits  Into  throe  lines  at  the  liquid  nitrogen  temperature. 
The  g-valuec  obtained  from  these  lines  are  2.0C67,  2.0C86,  and  2,0152,  end  these 
are  essentially  the  same  to  those  obtained  by  Chantry  et  ale  from  a  single  crystal 
of  potassium  bicarbonate .28  such  splitting*  are  not  observed  in  the  KBr  matrix. 
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Between  about  “150  and  -190°C,  the  lino  width  shows  an  Arrhenius  typo  tempera¬ 
ture  dependence.  Figure  24  illustrates  this  dependence  for  the  KC1  matrix,  and 
the  slope  of  the  line  in  this  figure  corresponds  to  a  barrier  of  1024  ±  60 
cal/mole.22  a  similar  behavior  is  observed  in  t3r  and  KI  matrices,  but  the 
activation  energies  are  considerably  smaller  than  that  in  tite  KC1  matrix. 


Figure  24o  Temperature  dependence  of  the  C0^“  radical  CSR  line  width  in  a  KC1 
matrix.  Ordinate?  line  width. 


4.  General  Discussion 
4.1  Environment  of  the  Solute 

When  a  sodium  or  a  potassium  salt  of  a  simple  anion  is  mired  with  powdered 
KBr,  for  example,  and  then  thi3  mixture  is  pressed  into  a  disk,,  the  initial 
infrared  spectrum  of  this  disk  ioay  vary  somewhat  according  to  the  method  of 
preparation  of  the  powdered  mixture.  The  spectrum  may  depend  on  how  long  the 
mixture  vns  ground  or  whether  or  not  the  mixture  was  subjected  to  the  freeze-dry 
procedure.  However,  when  this  disk  is  heated,  diffuaionof  the  solute  and 
probably  the  solvent,  ions  takers  place.  The  final  infrared  spectrum  of  this 
disk  is  easily  reproducible  and  its  absorption  frequencies  have  characteristic 
values  for  each  matrix  salt.  In  the  case  of  the  cyanate  ion,  for  which  extensive 
studies  have  been  oade,^->l^  the  frequencies  from  ths  spectrum  of  a  heated  disk 
are  exactly  the  same  as  those  obtained  from  doped  single  crystals. *5  Thus,  the 


*3  Single  crystal  produced  from  a  solution  of  KBr  with  a  small  amount  of  the 
cyanate  ion.  See  reference  12. 


immediate  surrounding  of  each  cyanate  ion  in  the  pressed  disk  i3  the  same  as 
that  in  larger  doped  single  crystals,  even  though  the  pressed  disk  still  consists 
essentially  of  packed  matrix  crystallites  many  of  which  probably  do  not  contain 
any  cyanate  ions.  The  essential  difference,  therefore,  between  a  doped  single 
crystal  and  a  pressed  disk  is  that  the  lattor  consists  of  a  larrc  collection  of 
smaller  randomly  oriented  doped  single  crystals.  However,  the  experiments], 
procedure  is  much  eaoier  with  the  pressed  disk  technique  and  there  is  an  addi¬ 
tional  advantage  that  solid  solutions  of  solutes  with  relatively  low  decomposi¬ 
tion  temperatures  can  still  be  prepared.  In  spite  of  these  advantages,  moot 
opectroscopieta  do  not  use  the  disk  method  in  solid  solution  studies. 

The  formate  ion  is  an  example  of  a  solute  which  cannot  be  used  to  dope 
alkali  halide  crystals  because  the  decomposition  temperature  of  this  ion  is 
too  low.  However,  with  the  pressed  disk  method  (See  3.1)  it  is  easy  to  prepare 
these  solid  solutions,  and  as  in  the  cyanate  case  the  frequencies  of  the 
formate  infrarod  bonds  have  characteristic  values  for  each  matrix  (Table  l). 
Although  thy  formate  ions  in  the  dick  must  be  surrounded  only  by  the  matrix  ions, 
its  environment  must  not  be  completely  crystalline  in  nature.  The  remarkable 
change  in  the  spectrwa  of  this  ion  aa  solid  solution  is  formed  suggests  that 
considerable  strain  is  produced  in  thi3  process,  It  is  possible  to  estimate 
from  the  isotopic  frequencies  listed  in  Table  1  the  change  in  the  molecular 
structure  produced  by  this  strain.  Since  the  isotopic  frequencies  of  the 
COg  antisymmetric  stretch  and  the  CH  in-plans  bend  fundamentals  still  fit  the 
frequency  product  rule  for  the  3^  class  of  a  C-v  symmetry,  the  distorted  formate 
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ion  can  be  assumed  to  have  the  some  ayrsnetry  aa  that  of  the  normal  ion.  If  one 
assumes  bond  distances  of  l.Ow  A  and  1.25  A,  respectively,  for  the  Cil  and  CO 
bonds,  then  an  OCO  angle  of  136°  is  obtained  .  There  is  a  significant  increase 
in  the  carboxyl  group  valence  angle,  and  this  fact  is  consistent  with  the  obseived 
directions  of  shifts  of  vorious  Infrared  bands  and  with  the  changes  in  their 
relative  intensities.  Approximate  force  constant  calculations  show  that  as  the 
ion  becomes  distorted  the  CH  stretch  constant  changes  from  4.3  to  3«y  md/A  while 
the  CH  in-plane  bending  constant  increai js  from  1.3  to  1*4  md-A/rad2.  There  is, 
in  addition,  an  inersase  in  the  CO  str^cch  constant  from  0.7  to  md/A. 

The  distorted  formate  ion  irappe  .  in  a  pressed  di3k  i3  not  stable  thermo¬ 
dynamically,  and  as  we  have  described  in  3.1*  if  the  disk  is  allowed  to  stand  for 
several  weeks,  some  of  the  distorted  ion  transform  into  the  normal  fonnute.  This 
change  is  slow  but  occura  even  at  room  temperature.  Thus,  it  appears  that  the 
formate  ions  which  aro  in  solid  solution  with  the  matrix  are  relatively  close 
to  the  surfaces  of  the  matrix  crystallites.  The  second  order  kinetics  observed 
for  the  decomposition  of  the  formate  ion  (Table  3)  and  for  the  decay  of  the  COj“ 
free  radical  (Figure  23)  are  consistent  with  this  interpretation  that  solute  ions 
must  be  located  mostly  near  the  surfaces  of  tha  matrix  crystallites. 

As  the  solute  ion  becomes  larger  like  the  oxalate  or  the  calcium  oxalate, 
which  does  not  exchange  its  cation  with  the  substrate,  its  environment  must  be 
loss  ordered.  Kven  though  the  spectra  of  such  solutes  are  not  the  same  as  those 
from  unheated  disk3  (Figures  12  and  13),  their  frequencies  are  less  sensitive  to 
chnnges  in  the  matrix  salts  and  their  bands  are  generally  broader  than  those  of 
solutes  which  do  form  good  solid  solutions.  There  may  be  some  3hort  range  ordering 
of  ions  near  the  solute  molecule  but  cartainly  not  to  the  same  extent  as  in  the 
case  of  the  distorted  formate  ion.  Perhaps,  the  environment  of  these  larger 
solute  ions  nre  similar  to  the  instantaneous  surroundings  of  a  molecule  in  tha 
liquid  state.  However,  unlike  in  liquids,  there  can  be  greater  degree  of  mole¬ 
cular  distortions,  as  it  is  apparent  for  example  from  the  spectra  shown  in  Figure 
5  for  the  (B02““)5  ion. 

The  infrared  apectvumii  of  the  cyanate  ion  in  solid  solution  of  various 
matrices  end  the  teir-eraiure  dependence^  of  tne  i-SR  spectrum  of  the  COj"  ion 
radical  trapped  in  a  KC1  matrix  provide  additional  information  concerning  the 
molecular  environment  of  the  solut®  ion  in  a  pressed  disk.  In  Table  7  are  listed 
the  observed  and  harmonic  frequencies  of  the  fundamental  bands  of  the  cyanate  ion 
in  three  potassium  halide  matrices.  It  is  interesting  to  note  that  the  frequency 
shifts  of  the  fundamentals  as  the  matrix  is  changed  are  essentially  the  sane  for 
the  observed  and  the  harmonic  frequencies,  the  latter  being  calculated  from  the 
expsrimental  combination  .and  overtone  bands. 


Table  7.  Fundamental  vibrations  of  the  cyanate  ion  in  alkali  halide  matrices, 
(a)  ~t/  =  observed  value,  w  =  harmonic  frequency,  unit  caH-,  See  reference  11, 


In  fact,  as  the  matrix  is  vailed  the  onharraonicity  parameters  remain  almost 
constant  and  only  changes  ir.  the  quadratic  terms  in  the  potential  energy  equation 
of  the  cyanate  ion  appear  to  account  for  the  frequency  shifts.  Also,  the  blue 
shifts  of  the  fundamental  bards  as  the  disk  is  cooled  suggest  that  repulsir? 
forces  may  dominate  over  attractive  forces  in  the  intermolecular  interactions. 
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The  t'nnd  widths  of  the  fundamentals s  on  the  other  hand,  decrease  as  the  tempera¬ 
ture  is  lowered.  A  contrary  behavior  is  observed  with  the  width  of  the  FSU 
spec tram  of  the  CCy*  radical  as  illustrated  in  Figure  24.  In  this  case,  the 
splitting  of  the  spectrum  at  liquid  nitrogen  temperature  suggests  tliat  the  radical 
trapped  in  a  KC1  matrix  may  be  rotating  quite  freely  at  ordinary  temperatures. 

This  rotation  becomes  hindered  when  the  temperature  is  decreased  below  about 
150°C  and  is  apparently  stopped  at  the  liquid  nitrogen  temperature.  The  Arrhenius 
type  energy  of  Figure  24  nay,  therefore,  be  considered  as  a  barrier  to  overall 
rotation  of  the  free  radical.  According  to  this  interpretation  one  expects  a 
smaller  barrier  in  a  KBr  matrix  3ince  the  size  of  the  anion  cavity  is  larger  in 
KBr.  This  expectation  is  confirmed  experimentally,  and  as  we  stated  earlier  the 
KSR  spectrum  of  C0~“  doe*  not  split  in  a  KBr  matrix  at  liquid  nitrogen  tempera¬ 
ture  a 

4.2  Comparison  of  TGA  and  Disk  Methods 

The  kinetic  studies  summarized  in  3.2  provide  ample  support  of  our  conten¬ 
tion  that  the  pressed  alkali  halide  disks  of  infrared  spectroscopy  can  be  used 
as  matrices  to  study  solid  state  chemical  kinetics  and  that  thi3  technique  over¬ 
comes  many  of  the  experimental  difficulties  and  limitations  of  the  more  tradi¬ 
tional  TGA  method  of  studying  these  reactions.  In  psrticular,  the  infra  red 
spectroscopic  method  of  following  a  reaction  taking  place  in  a  disk  allows  the 
direct  observation  of  concentration  changes  of  reactants,  products,  and  any 
intermediates  that  may  be  formed.  Rate  constants  from  several  absorption  bands 
of  aach  chemical  species  can  be  deteisined  and  consistency  of  the  experimental 
data  and  their  interpretations  can  be  tested.  Hct  only  does  the  disk  technique 
give  the  same  rsoults  as  those  from  TGA.  like  in  the  thermal  decompositions  of 
calcium  formate  and  calcium  oxalate,  but  reactions  unsuitable  for  TGA,  such  as 
isomerization  or  polymerization  reactions,  can  now  be  examined.  Furthermore , 
the  direct  uas  of  these  disks  in  TGA  experiments,  as  in  Figure  10,  extends  the 
TGA  technique  to  compounda  with  relatively  low  melting  points  and  also  reduces 
the  temperature gradient  problem  during  strongly  exothermic  or  endothermic 
reactions.  For  example,  the  rate  constants  from  TGA  on  undiluted  calcium  formate 
and  calcium  oxalate  are  consistently  higher  them  the  infrared  results,  but  when 
XBr  disks  of  these  solutes  are  used  in  TGA  agreement  between  the  two  sets  of 
data  occurs.  Surface  effects,  such  as  those  which  may  have  caused  the  difference 
in  the  spectra  shown  in  Figure6,  can  be  minimized  by  using  the  disks.  In  f&ct, 
rate  constants  from  our  disk  studies  are  quite  comparable  to  those  obtained  from 
the  g»a  phase  or  the  liquid  phase  tmd  it  appears  almost  aa  though  the  pressed 
disks  serve  merely  as  convenient  reaction  vessels. 

There  are  limitations  in  the  pressed  disk  technique,  however.  Since  the 
upper  limit  of  the  temperature  for  these  disks  is  only  about  65CPC,  the  study 
of  high  tempera  ture  chemistry  such  as  those  of  refractory  materials  may  be 
difficult  However,  elementary  oxidation  processes  involved  in  the  formation 
of  such  refrnctory  materials  appear  suitable  for  study  by  the  disk  method. 

The  possibility  of  the  latter  kind  of  study  is  suggested  by  the  oxidation  of 
the  borohydride  ion  in  a  KBr  disk  and  the  subsequent  polymerization  of  the  B02** 
ions  (Figure  4).  Another  limitation  is  that  halide  ion  is  always  present,  and 
this  may  pievent  the  study  of  some  kinetic  systems,  however,  there  is  no  reason 
why  otner  matrix  ferial  besides  alkali  halides  cannot  be  used,  as  long  as  such 
material  Aa  opticnlly  transparent  in  the  spectral  region  of  interest.  More 
investigation?}  with  different  matrices  are  required  in  the  future. 
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4  3  Chemistry  of  the  00?  Radical 

The  thermal  decomposition  : tudies  of  the  formate,  ox  date,  and  bicarbonate 
ions  nave  .uncovered  several  interesting  chemical  reactions  which  appear  to  involve 
the  C'J2'*  radical,  '.xperimental  evidence  obtained  to  date  suggests  the  following 
'rail  reactions  to  occur  in  pressed  disks , 
reactions  3  6 

Reaction  (3)  is  based  on  the  observation  that  during  the  thermal  decompo¬ 
sition  of  the  formate,  the  bicarbonate  ion  is  observed  invariably  a3  a  minor 
product o1®  This  side  product  is  produced  mostly  during  the  first  heating  cycle 
and  a  greater  yield  is  obtained! f  a  disk  ground  in  an  oxygen  atmosphere  iu  used 
Also,  bie&rbonate-d  is  obtained  when  formate-d  i3  decomposed.  Figure  13  illus 
trates  the  result  of  rc-action(4 )  .21,22  Tills  reaction  is  first  order  in  the  bi¬ 
carbonate  ion  and  it  may  be  the  reverse  reaction  of  equation  (3).  reactions  (5) 
and  (6)  are  essentially  the  same,  and  they  wore  observed,  respectively,  in  the 
gamma  irradiation  study 26  of  the  formate  ion  and  in  the  thermal  decomposition 
studyl^  of  theoxnlats  ion*  The  latter  reaction  becomes  dominant  when  the  concen¬ 
tration  of  the  oxalate  ion  in  the  pressed  disk  is  low,  and  it  takes  place  mostly 
during  the  first  heating  cycle. 

The  CO2  radical  is  observed  as  a  minor  product  in  tne  gnama  irradiation  of 
the  monomeric  bicarbonate  ion. 22  fiowever,  the  major  product  (figure  22)  is  the 
COj~  radical  which  decay*  by  a  second  order  process  as  we  have  stated  earlier. 

Gamma  irradiation  of  the  acetate  ion  m  a  KBr  disk  also  lead*  to  the  production 
of  the  COj,  rudical.29  Interestingly ,  the  formate  ion  is  the  major  product  when 
the  acetate  ion  is  thermally  decomposed  in  a  KBr  disk.  This  reaction  is  first 
order  in  the  acetate  ion,  and  the  Arrhenius  activation  energy  is  about  26  kcal/ir.ole 

In  addition  to  the  above  chemical  reactions  of  the  COg-  radical,  some 
physical  properties  of  this  radical  have  also  been  determined  from  our  disk  data 
Since  the  geometry  of  tnis  ion  can  be  assumed  to  have  a  Cpv  symmetry,  the  isotopic 
frequencies  of  the  CO^  antisymmetric  stretch  fundamental  can  be  used  to  estimate 
the  valence  angle  of  this  radical.  The  calculated  angle  i3  127°  and  it  agrees 
well  with  an  earlier  calculation  mv.de  by  Horton^0  from  the  KSR  data.  Besides  j 
the  intense  infrared  band  at  1671  cm~l,  two  other  weaker  band*  at  1424  and  849  cm 
have  been  observed  in  irradiated  KBr  disua.  These  bands  are  too  weak  to  corre 
lata  their  intensities  with  the  KSR  spectrum  (see  Figure  19),  but  their  magni 
tudea  9.  re  reasonable  as  the  CO?  symmetric  stretch  and  the  angle  deformation 
fundamentals,  respectively.  If~one  assume*  that  the  CO  bond  distance  is  1.25  A, 
the  asms  as  in  the  formates  ion,  then  the  calculated  valence  force  Constanta  for 
the  stretch  end  bend  arc,  respectively,  8.42  md/A  and  3  23  md-A/rad^,  These  values 
are  comparable  to  similar  force  constants  in  the  formate  ion,  Finallj ,  the  molar 
extinction  coefficient  at  the  poak  of  the  weak  ultraviolet  bond  at  is  88 
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4  4  Impurity  Problem 

In  Tables  lr  2>  nu  7  are  listed  the  infrared  frequenci-3  of  simple  Ion*! 
which  are  often  observed  aa  impurities  in  heated  nlkaii  halide  pressed  disks. 

Among  these  imouriti'-s,  the  most  common  ii?  th-*  cysnate  ion  hearty  every  inor¬ 
ganic  and  organic  sal to  hsva  examined  showed  the  p  'eminent  cyanate  band  near 

2170  cm  *  when  these  soiutes  were  heated  in  px'eased  disks  fhe  precursors  of  the 
cyans te  ion  ere  the  arrmonl  nr.  ion  or  amine  compounds  uni  carbonates  or  compounds 


containing  the  carboxyl  group.  cor  example,  when  the  ammonium  ion  is  heated  to¬ 
gether  v/ith  bica  rbonate,  on  rbormte,  formate,  acetate,  or  a  similar  salt,  in  a 
oressed  disk.  th'  cyans te  ion  is  produced.  In  fact,  isotopic  cyanate  iona  used 
in  our  vibrational  analyaicll  were  prepared  by  heating  together  ina  pressed  disk 
isotopic  ammonium  iona  and  isotopic  carbonate  ions,  distilled  water  can  also  be 
the  source  of  the  cyans. te  ion.  Vie  showed  earlier  that  a  KBr  disk  freeze-dried 
immediately  from  a  freshly  distilled  water  does  not  show  the  cyanate  band  on 
heating,  but  if  this  w*.  ter  is  exposed  foi  several  days  to  the  labora  tory 
atmosphere  it  becomes  the  source  of  the  cyanate  ion ,20 

The  bica  rbonate  and  formate  ions  are  nearly  always  obnorved  when  salts 
of  monobasic  or  polybaoic  organic  acids  are  rtierwally  decomposed  in  the  pressed 
disks.  In  these  systems,  carbon  doixide  gas  is  also  produced,  and  it  Can  be¬ 
come  trapped  in  the  matrix  A  study  of_ the  infrared  spectrum  of  trapped  CO2  gas 
has  been  reported  by  Bent  and  Crawford .3  if  carbon  monoxide  ia  produced  in  the 
reaction,  for  example  sc  in  the  decompositions  of  the  formates  and  oxalates,  it 
appears  to  disproportionate  in  the  matrix  into  carbon  and  CO2,  Heated  disk*  of 
formates  and  oxalates  are  nearly  always  dark  m  color.  The  CO  gas  is  genefe! ly 
not  trapped  in  the  mntx-ix,  but  when  metal  ions  like  the  manganese  ion  are  pre¬ 
sent  tnia  ga®  becomes  trapsed. 

The  BOj'  ion  is  observed  occaoionally  in  heated  reagent  grade  matrix  aalta, 
but  it  ia  not  *  aerous  problem  for  example  like  water.  In  the  normal  prepara¬ 
tion  of  the  pressed  disk,  it  is  not  possible  to  remove  traces  of  waterfrom 
becoming  trapped  in  the  dis>c,  however,  if  these  disks  are  heateo  at  a  tempera¬ 
ture  above  about  lbO°C,  nearly  all  of  this  water  is  apparently  eliminated  since 
its  characteristic  infrared  band  near  "5  p.  is  no  longer  viaible(ses  figure  2). 
frenhly  pressed  disks  also  ahow«.tendency  to  absorb  water  on  its  {surfaces  imme¬ 
diately  upon  removal  of  the  disk  from  the  die  This  water  also  can  be  removed 
easily  by  heating  the  disk. 

I  am  very  grateful  to  Professor  Taken! ko  Shimanouchi ,  Professor  Ichiro 
hakagawK.  and  their  colleagues  for  the  warm  hospitality  I  received  during  my 
residence  at  the  Department  of  Cneniistry,  faculty  of  Science,  University  of 
Tokyo..  Prcfea.sc  r  h«kugava  anil  Pr.  Takanaru  Onishi  read  and  corrected  this  paper 
during  its  prepi.rsti.on,  and  1  wish  to  express  ay  aincei’e  appreciation  for  their 
help.  This  study  was  made  poacibl s  by  grants  from  the  National  Center  for 
Radiological  Her.lth  (•’  3.  Public  Health  Service )  and  from  the  Directorate  of 
Chemical  Sciences  S<  AKCSR ) ,  AF-AF0SR-67-0907A 
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Nippon  Kagaku  ZossM,  89.  1 1 43 —  1 156(1968) 
Chemical  Reactions  in  Ionic  Matrices 
by  I.  C.  HISA1SUNE 

Pressed  alkali-  halide  disks,  which  are  used  commonly  tc 
obtain  the  infrared  spectra  of  solid  compounds,  arc  found  to  be 
convenient  matrices  in  which  solid  state  chemical  reactions  of 
organic  anti  inorganic  ions  can  be  examined.  These  reactions 
can  be  induced  thermally  or  by  irradiation,  and  their  kinetics 
can  be  followed  spectroscopically.  In  thermal  decomposition 
reactions  involving  wc  ^ht  changes,  the  kinetic  results  obtained 
with  these  disks  by  infrared  spectroscopy  agree  with  those  from 
the  thcrmogravimctric  analysis.  In  gamma  irradiation  studies, 
ion  free  radicals  arc  trapped  readily  in  these  disks  even  at  room 
temperature,  and  the  decay  of  these  radicals  can  be  followed  by 
electron  spin  resonance  spectroscopy.  When  the  concentra¬ 
tions  of  these  radicals  are  sufficiently  great,  heir  chemistry  t.s 
well  as  their  absorption  spectra  can  be  investigated.  Experiments 
carried  out  to  date  indicate  that  the  use  of  pressed  disks  can 
extend  the  field  of  solid  state  chemical  kinidcs  and  matrix  isola¬ 
tion  studies. 
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l  i.*,1!1 1  i  *'Jt  ■' }$.  'J..:  I 

*>$•  'C  "y‘5  J2i-  I  1  ;  S,  v  ^  V  *  (11* 1  ;1 . .  <1  isk 

$•  < A.'7- u \ZX>X b t  ■>  *<*  JfflSli-f,  1 
fc  c 03Sfc»!fl:qtEC0>fciU»3ffi:iai>i  t  ';£*  > 

&V'o  i  V.'<^n  £X,  clisko5iW-A'iio5c±-'i^Sj;iV'-S" 
fr^H-ctsO-f ,  <o j;  ->  ^tr»i:2ii-c  $  ^trts« 

fciiSKO-*  *  i i  t ;iiy] OA'l & 


frtibOdWL'&.Xli.  1960  ir.,-5*0/'n  ItTA*  9  1-  9 

disk 

•f'$5u&$)"7-©  matrix  isolation  £  i.VyJ.ff5E=voo!t  1  ofco  '. 

h 7^ J;  < ftiOHT'.'ORlUtc-f  tf > 

■b'>izfr£1ifrZk\Z>z  ti>X  §,  Ziz«m iftSOi/7  h  ft  Eli 
,t  oifirm-osiiu^-'  t«i»-c  $  oo  s5>;c^is*s  o 

TM}i'^l«vl£^0£Zfc;.®IS1>fiiSin-Ca50^t  Uv&is  >Oi 
•j  *> 1> OA,,  SJc-^Si^tSIJi^SISiE 

-}- v  i  2:  ilHSi-C  ITfcWys*>  tiv&v>9  vftfCV' 

i'-l  f>ot|i|!!!(4;  t  l TdiC  ?  ©  5  •->  *  A>  i>  4  X  >i t  L X  v >©  nIJig 
'JLRSli'crp lS>Hl£,  fa'iSl' >7v 
*;v«r  disk 

:Vf« tlx  fflftO'l’iili,  fen  TGA  Hi  9<© 

?<SiM?j}‘0[7i<5ii»fc es©-’?3,  &5>V'li  TGA  n ,t  9  ifHlaliS*  “fills"? 
ASiC'TffW-wiH'CV'io  livOOft-uft/II.t  9  disk  ©^P 
Wit  TGA&i^lt^tSCi^-C'^Oo  dOffiSCTSi^BS 
111*0*.  1,  t  CK§S25$*vfc%©^5l?i©^ift3!i»*SJft 
fctfiflf  Oa  c  „XCixtr,Vtti&Z&'5'<'X  disk  |*JtIi3iT©if5 
rtH  *  »  f  disk  S;i;j;S|BWt^Kf505i^t-raU 

x%%-r<jo 

2  a  &  *  m 


2.1  disk 

Bl«:lt<f:&K.-.-{i?/'oy.'{t7^*9  disk  ©D<  9f  itr 

diBifrMt  h  tv© '/)•> ‘Ml*  • '  2  I-  -'t'SJ.ISIl' ©%  frufflv '  ©  AS 

ilsl£f»)CX2>©s  ft  0.5g©v  f  9  y  2  ^.iSi  1  mg  SK©i'fi 
WK&to'/fcllLI  J;  <S‘2.',  ^©f/)>f;2r  disk  OJSfdr&SS (die) 
HAn.  die  ~:hlz>l'.W:1mZ.Zo  13 


mm 

©  die  .  «. 

10*  kg/ cm-  CO 

v  onjr 

©0  I© 

.t  A 

iltl  c  biz 

disk  ,ijV-cS>  1 

mm  <„'*%’ 

C>©(^f3IT  0.1 

<y  "  ►> 

0.3  ml  CO 

.  .  ^y  V  j  U  L  {  1 

-j  „  ^  ? 

1'  9  y  i'*Jg©*7i' 

1L» 

1  :  10-  ,W, 

1  :  10<  .  st;[(]  . 

,  iUm.: 

1.  'J  iutf  7.  matrix 

isolation  i  '(’•(A  - 

-  ^!iz  ~,  f  i "  ’.  '.  ‘  i  I 

■ 1 1-;:.’  ft 

*’>  '  J  o 

.  )  /  1 

1  .  i  '  ‘ 

S'  A- 

\i.  m -a.  %& 

'  •  •  •  . 

,  *  ■  1 OOv 

1  Iks  ■'/«£'© *5  ft 

f  1 

;  '.  /  /  1 ., 

.•  >  .  •/■»  r 

;  /;:'/■  XlivO© 

(r, 

■,*;••;  .-. 

■  '  -  "slliLV 

ri'»Vt  ! 

•IK  1  *.'■  .  ft® II 

IT. 

2~30  //  ill . 

‘  !  /:  0 « 

<ii^V  ^  v 

' '.  1  .  .  U  WM 

»«i  * 

’  •  >  ?  » 

■i  ■'!•>:  t 

• ' ,v  £’  c 

'  c.  I  ,  „w 

Lf.*'! 

;■  ■  '•■•;)■ 

»s«-o 

.:•"  .0-v  I  ':  l  X 

/  !  /  ’  ►  '* 

-J  s  .1 

«  w  *  w 

...  \  ...  uisk  £- 

,  <x  . 

,'L.  'i'U.  S' 

.  .  1  '  1  y 

'L •/■>’.«  '...ref 

'fi  disk  j:o<Ho,  >\> •-' r ■> i- /Vs 3 '/ y fl:,'f;->  0 -J  ).V> 
disk ,-i*"  ,\- ©//-,  ^i&vV.’i’.vi.  't:->'> AiU;iAT  L;: < ..ft 

:zi„  v>  ■?  S-e  i  *  <  5-5^©  i  '^CS«rfiERl-J-^3  ?*»***.  -2 
a^^V'O-cWfSii**  0l8ia-?ii*v*o 

disk  rtro  <  ©  $  V'li  i  o  1 1>  ®-5?&.^iiiaK  t  i  <  ill  ft 

-rzztxboo  i 

-\zX  ■•)  *-)■  < ,  <biz  X.  -5  x£T visas. OftiESElEaffiOilll 

5e;i  $  V  -  L  t  ©  t  i>  [0xi*|!!M'C'&  ©0  :oi?  fiiaiffi^r  $  it  7j 
tzb.z,  Ltzfi L v •ftKAIftfeJllV' 

C'.'©o  Z.oU®?nmo&**<  L-.  >»icv  H9 
tj;<-t©s  %m%%ttiz.t\m\~  V3lri?<Oi\ 'Xa 
osbitzvb,  woA'myzfozcyxv  r  9  *  t*g&<n. 

ir'-,f'Ci)E-u']*©»  COi? disk  ,J/> 

^tcxe>^,  Sfc^OjSigOK^  1%  WTi-todi^-C'g 
©s  ^©iR^Rillt^f-'r  1  ^feV't  5  &GK-C&O0 

ffiKSr  disk  mzM&ri-ZWh  tlx  frecze-dry 

4>££ciJflV'S>ft©,  ioaj'&Ciifflfl. 
t ,  * SflS&Si®  l  tz  ©  ts  1CH3S  I-  O' ' 1 T  Kzlct  ©  jjfcx  b  ©  0 
1  @0  disk £0 < ©7)<itlil!(li*fr  12^|l!!Ce>V'-C-K7)ct-§©o 

co^*S5-?aaffl*o«B6J5|Wfflcii6.-»s,  £ §:ii **c!4 

d©7K^'5>  disk  C^PfsEitj/ts  A  ©  ^  t  Lf;,t;-aX7KI4K 

2i?!i-AiTtf.^lit#<Sr Lt:©t>.  line  !wAiVCtJ<i 

fii?lj  eg)©;,  <L-C.j£!5?tc>  tl-liffii;  line  II  t  0  "^It  bftX 
l  -o  frecze-dry gJSl-EISiJKffl't' ©0  ZOjiikXlS.Rty®— figft 
K^-3l»Srt  \~*> « {6©  Itatt  - 1  m  Co 

2.2  mm 

A0y 9  o  disk ;is£SMr?8)  600-c  s-ejsats j: 
t^XZZV,  z 9  t  v  h  9  y  t^/-i*^T|sLX<© 
m-i‘Kfi$n©o  tfc  disk©Hfl^iJ7t«:i'fcA  600’CAsP,^ 

I Utv  40  8>©lrtC^tii^SS«,  ZiiUttiEtPfrb  disk 
OtifC-tC^rf  5:oS>fcV'ffltg©±lc©42:5i,  fSSmiC^ 
tciSifiK  disk ^x©0  -tele disk  ©#!•££<>  *i  4*SftJSit 
©ft?5?.  I  t:i9;)©J{<^PJ!t'  a  ©  0  S»-ae>nft:  disk  ii 
*i3Mfcfc‘J,  BMlX<vmi:X<  ,,7»u"  &&■?*> 0  X 

OXvtit&ZXV&ltii  ffiJJOA-p-CV'^V'  disk  T?(4JlC>ii.;£ 
V'o  WiblUz  disk  It. 4. * t- U'JjIi/ft n It 4 1: 3 lil! I- tx 5 o  t 
7>l  disk  liSSC <£-s'CE;3Kt'CV'©Ot  die  ICIiA5>^V'o  L 
^  O  disk  2,  3  fflicffl  9 ,  ^ 

die  li AtTtPWlg'iitHIt ti-o  L  fr  L I  ©*a«5uflft’4tx 
II  IT  i-S  S  T:  It  tz  v '  y  W0lWl£fflLtv«S.5fell,  <x>  disk 

bzk©  s>  Kw5iiE»^jt;i-K  fcits  disk  © 
30%  tgtiLi  /Jitfri&ofc,  ruMteoi.^ 
HIT  disk  frx.fztz'tf  die  II9..0  t'C;c©J?.!P!]2rlti‘ltl«  disk  II 

(Si«©'Ajfte$ro<e>-m'i f-i i  L^LioAtJ; 

lit  1%  CGV'  disk  or::  ,  ^'>-)‘©©1.  ElSoBffloSV' 

j»}>W©J«*Cli,  — ■ '  i  <’  G.I'J  hoiZitP'*  fU  '-•© 

disk  •}  iS?i  •.  miill'iK^fr5  *'|  1  •■' ,  •:  ©<&  disk  £  C'Ki  l  •■•-  U  C 

wfmixfrr*-  >  'i  4  . 7  >^'>  i  *  "■  i-'-i. 

'i  disk  i'j," i  ‘L otv  ” 1  -■• : 'i  ••  rw-i  a  .  '  .'.■>’  •"! 

■M*x  -■■•  r  )-?a  t  ■(  ':  I'  ■  '  <ii'k 

')•>'./  .  ■  •:  iVf.wr:  .  ■  ■  ■  '..!.;,.K'  v:)'.;:.i"  •> 
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^15:  d  *  *✓  -sr  »■  9  »  *  *f*l 


1  M3 


t- *' « 1 1  ‘WS •; M il  •}■  6 ,  fciJ£K!3Sffif © disk 

©m4tK4rWT:«Lfc..>i  .AViiXfol,  >ODlS:»ffiaft 

X.lt.-Vx-liW*^  Ki'-’K,:fTo c'RCi^-iiRK.-liiJOdisk 

oio,:j,is+v:i;;S:5»  x©X9XLXftjtf©g(bxx 0 
WiSSSEi'ilBiE L tz'Jjfr  disk  ©17.  c&flli2-7d  t' 

Pl5el  -r2£ffi*MiT.1-o  X  OLXtcX&oo 

2.3  s  &} 

-,'H';  ,1^1*5  >7  ^^ofdioyi^  ©>;®.A'*£>&A‘,  Any 
yit7)V-h  )  diski^-ru^'lrfcAo®;! «Co  frbortiZtk? 
x i.-i- tvi items 6 ,  r tbffiifi 
•:fr^v-,  >©$v»  disk  ,i— o-j-o* 'j -9-i'>o^ot{)ix£- 
I’l'ltoc.  n^‘i>,  *y  V  itg&O  X  ?  (ttFS&ftSiiWX  disk  £ 
MITodWjx,xn£x  :J6*'7Xgoi|.;;  disk 
xii  £  FHT:^  Dewar  x'AX  Abftii  ilMTSi&iMliEX' % 

disk^pn^t&XiAWSo, 

/'oy>ft7;k*9£E‘tl?iLX-?<-;>*:  disk  A  r  f«X*>Xo 
£,  disk  X(£AW<0  fciAJJ  KCI  ©7  b  v  4’*Xtt?itfelX& 
0,  KBr  iiBBStt&Vffetx.*;©,  KI  -V  Ml  ,  t  xtiPMffimM 
X  &>%,&,  l',tb<-yz>  b.$i1t.zm?oa  disk  lie 

©X5  *{£,$ rfi < ,  fcv ‘X v •SW.n&!x<ft<no£« 
riiyrXoo  disk  fcgtLfc  '■)  -5S|feS©(r  A  ftSX&X  o  t ttiitAKi 
A=TXo  KBr  o  disk  XWJiBJHSXX  >)±Ctz 

{£££1>X  600 m/i  X fc O 30’. 'ts&ft 1#  270mAr  t-&o 
5iWO  KA''«u$boo  <0.h,  disk  !i  5£2.00  X  480 gauss 
©tH&Lo  ESR  IRIRtS&io-CV'So  X©  ESR 
tKfcXtffBNTCS?!*  disk  OfcA->}fi^«>iRB$!Xfx<fios 

2.4 

KBr  &£'©  disk 

iW&teffljiS-CiSo  disk  (ifil*  ©ffi?W©»l«Xfe  :jo.a,  A  £  Ik 
*©if»lt$1ftlx#WL  *:  0 .  tbMi t fc  disk  ;i,A3T?AK 

h^-cM^sci^-cers.  fiSii,  i2-m^7Kif:ifi^if;rii| 

£LX{!:/I]X'#oA>,  ^©oV'it  frcczc-dry  ^J-XX-pX  disk  i> 
?P2i-mSXV'0  tm<0$v(X©'i>-C-  disk  *b*$ftX,ii>?4' 

7 Aci©x&b;£MX~;  9  x?-  u >0</iX7\l^7d\, 

x-  disk  &#}X-tfc<l£XV\> 

2.5  i?ess* 

disk  rt ©It^MSItfc SMlt o fc A,  ii  i>  x«iffl  ^iitz-m-JJ 

mMiamrstf*,  disk  imt- am  twort?'. *  ©x  >  © #$*.5* 

h;Ht«  300cm  1  COV'XXiWSiX  ^o, 

LXlt  Pcrkin-Klmcr  ©213J-»J>  112  <)  pCa^© ^O^li 

L’ ©  621  msXt/225  SiomiW'iWftMZiimib,  disk 

IMKR»» 3HtePl»iSBon«sHff® 5  <  IX K-l  £  0 *3#%  <  gjv ' 

JfJfct  xUdiWirj- =&$'.',  X 

'£4'A  <X  ©4>«jiE*it5fE&fl  'Jrti^iXjg^JiE 

'-■  -dilMlJU©  £  i.  t,  ©& iSOI cXJMJiZ 

JM‘(  •■  " .  l-in-X  b>j  l  •>  X  x<>J  I-  a,*  ill'l'/ut'-jx  b 

t>o  ',K:i  •>  h;k©»i:i'.:t  disk  »$>jt2l©itnssft©iSffi 

•  ir  -  t  :.-.  iix«9/7:A»x!©^iaxvk?v)nv>X;ft(.^M;i2 
I  ’-‘'i!!1A:i  1-  tx  250 -c  f?(5tx 

.■'ll  I  i  .::  i  ilii'^.'s  AiMiftlXX  (IdilL 


/soyvftrji/*  9©  disk  :±aiBijjtyajg>H3Xti*S:9 
smxox,  Cary  14  2!f/itai  X  i‘X  X  ■)  2/<.V©  250 m/<  (  Hi 

sx  ©A-s Jr  h ^^iiiyax t  o,  x o9^^;inw%Kn(S}« 

SEX  disk  &KH3«E3K«k:^,  tSWAlRIUCtttq^^vflc 

iF.lSLfc, 

ESR  b  >!S155eX;X  Varian  ©  V  4502-06  gi^-T- *  M'y 

ivc.rVi<[aX  muhipurposc  cavity  ©J]]V'fCt>  — -uOffl/HX’.X  50 
mg  <*5>V'©disk  OlSJi'X+^Xd  ^  >5  if  b7kA» 

in.lJti  Sji'o/Co  7  y  *  Jk  ©(“l^iX  ESR  y.'<  7  bx-o&ffi'i:  Varian 
Offiif  pitch  iit^LX;i<©fc>  xtz  ESR  ©sf.a;X  DI‘PH  ,X 
X'Arblio XytI©/;0  5  y  A;k ©;{)!•/< XsXC<  ESR  7.© ^  b7k®© 
i£En?i±^M-X6  Xii^IiSiSKx  a  - 
disk  ©^sxtebn/^^.x^^xfiriiriXKExxpoo  100 
=c  17  :!£  t  X  vp(M®  x  .X?i3  -X  *•  7  7.  raVi&fcXi-ftXb  Z  ,  * 
tz  100  bb  300-c  CSsV'OnilOiSi^Xii,  ;SK©PK5X§o^ 
SS/Mft*  t--X©±XiSijXj;7c#$©7;k<  i<7x©ffi^©4ir 
ntSXV  W*X'#?.9  X©ii5^XlX7Jk5  -<>  AffiOttK^S:* 
(XX,  ^cx-D-^y^Aix^ifXi'o  600SC  <’e>V' 

©J5iao3JB*X!iiUSEO^$5^XMO!5SSftWiiflffiM©SaS 
SWAiO«:tt-»fc,  {t^KfEOW5E©$V',  ip©iais©ffiffi 

it  ±l1CH®Xfc4.9fc. 

3  «  JK 

3.i  snoftn 

«Mtfi?!e:ADirX|t7;W  9©v  b  9  v  9 X 
AXc<ofc  disk  0#XWR7.^7  bPkit,  -jaiX^OiUK© 
nujol  mull  frbxtzX'<l>  bJKXX  <851XV'oa  LtcA»7Xdisk 

mmu  x  >  ofrmtA;  t  otfifirt^oaaKaEv't, 

oiSffiXH,  ^©fcJbixffiKo^nSiiK^^^  b7k©!H?if© 
iSSJcititt^7  b  9  »  i^OifiSlXjKISSH&V'o  disk  © 
6 $ v ' ©EXJ ©^clcXt iSJJtit  15 i b iIS4V',  LA' 

t>  sK  xj  9  ->  x  ©x  7  ^nnmxiSH^  v  b  9  m  t 
«v-Mfa-»xv>5i,  y;J5ix?fitviaiR?i?A**gifoH5o  x©®« 

«it=?r7  b  9  V  7  7XX-|^tf©iS^^  'tvX’.'.jA,  disk  & 
soo^c  <’5>V'XSAtvtx©TOw;t$e,tx5iij<t£oX< 
Oo  x©iSia:t7X^(tX.'>^*9’Xi^{s!i7Xi,  &®V'tt*5?5 
b  9  **&ffiHiLxfflV'X4ra--efc6o  l^o 
X  X  ©[AHfffi5Aiti?,n  d  X  L  AW  b  9 

X  £  *>nt,  X  ©  X  7  X L  X iiiWiX  Kctclaar 
£  Schuttc©  XX  !):R«>e>n/;toixx  < -at  XV' 5,0 
BHt-  ©Xv.X/l'$VMX^it7b9  /  txoffituttot&wi 
iXfp?ad  X^sf:(yIX0WrA(X©o<oX£;tXif<SXg,oA>,  7c 
S.XdXx  X;’tJ?X!il7-©t|>XAiXoX£tX$o,  X©(?1^E3 
l  x,T-Xo  XXX7^7  b-rt'Ai-ijamsiffiS*  9  ^  A*riU(t*  9  i> 

^'-h‘)^hJiXX<c-tz  disk  ©  i  100cm*1  {-M©TOX?p 
"a1”,  X©  disk  A  WiJtX-dtL  Ax^fi-XljnJEJit'a  £g{V'BIRW.5l 

bb,  ©vxx^.coj'iV'/M  bv>xo*!6oo  ^©CKV'^/iSS 

^1*  Wi:X- X  A  XMt*' LXI'.’ce  'A“,  ttl  oolt >5  £ ^IX A 

7)  ,).  A.  A.  Kctclaar,  C.  J.  II.  Schuttc,  Spcclrochim.  Acta, 
17,  1210(1961). 

8)  D.  l.innvhan,  Ph.  1).  llicsis  icscarch  in  progress, 
The  Pennsylvania  State  I’niveisity. 


n  #  <t  #  a  S6  80  ■£  12  Vj  (1968) 


a 


i  *  ;6 
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JR$t witMvSX'x*  h^:-i  CIO,-  4 
*  >&  KBr  *  KI  -7  k  9  V  V  *  h  E 1  KH^Wi  L  tz  disk  C* 
i>  i-  -il'i  fnltH'C'.fe <j0  Krynauw  £  Sc!iuttc4>  |$"j""C'l£  freeze- 
dry  yiaii  o  cio,-  t ii-fL *  o  -5  a^3  -vft*  >)  VAotw m 
1  XBOX'S?  b  (50OjS!R»  disk  &&L 

•CA.fctSir.i|i3U-CA«»  KC!  Ov  k  V  y  ixAOWj.'CttClO,' 
Sr^a!CfS-T-0>i>ICX^cf/‘,  m'MlZ'Vr  k*HJ:&£,  £ 
oi«tto«-7-iJ!;£KKa!<t^*v',  fc i 
x  i  ftlH»SlRf|ti:a(fc!J*-*v'£  k&b&'Z,, 
lfcS$A'J&iilfl&  -i  *  >Xh  o  >Oit 

ttSr&fo $vs  S«.i; t «c»7-Ka:iU-f ■ wc  Sfcpli  L 
■Ci'Rg-f  *  VAnlSlf  O?t59 10 *>o  £Od  *  ^••fS]ijf{-'r!:^0  i  $ 
iiSWcSo*'-'*  k^o^ft;e;r^2i'>-pL-c«oo  :okoa 

k;Hi*'®*  k  9-7A&£.{t *  9  ■>  Al'ftO  £A,"?o< 
•7fc  disk  i'fjx.fctO’C',  frcczc-dry  nujol  fJ;d'{£o  "C  V 
IWi*'**  h *)&••*. Mv5o  £0  disk  £500'C"C'!&to&t>:. 
£B03e)£x^i  b  friAyLbbho  iO.tViV'^KoLV'lb 
fb’.iifJKo^y^ii?!-  v stotiifxv',  fc-eVifsii'Boi -> 

)'(.(%  !|7  7. ^  b  disk  £  l'rcczc-dry A 

I-  /WffiM't' &  5  £>&l 'It,  disk  £)-, -5 f;  0  V‘,V fH 

•C^jSlili^EbtiX  t,  hi  WWMn.\iV&!ZX<9  b^.-TA 

bit «»  L/.-L  :oi  •;  izterf  l  *  disk  h^tztzv’Wl  i  1 


fa.  fcS  (cal"'; 

A:  K«;L(y;,  B:  500-C,  2WK.£:ul 
0  2  KBr  -sr  k  •)  .,  HCO;-  <ZvO 

tint&UT.'ip  b  /s-oa-fb 


9)  0.  N  Kivnauw,  C.  |.  il  s<liut:e,  .S/w/wAim.  /!,(., 
21,  I947  l9t>.'A. 

10)  K.  O.  Hartman,  I.  C  I h'.ilsimr,  ./.  /'/•,<.  Cft'm.,  70, 

1281  (1<h«,  . 


h^-J'-l-fcxOn^o  Kl- io-CHiCTiTif 
LV'Jp.nSR^^i'  l-^OaiS'CifrX  k  9 
tf,  SU£^©*HiaS:Sift-C*to  SfcK$?*aofl(&E» 

£ <$ Wt -T- 1 2 o v '  r  o &  !ll  i  >7;  L-  -C  h  o  „  hi 

imaim-hRi*  k  9  v  a,  xmz  9  •>  a,  &oV'i*  hco;-  & 
CSimiL-C^tffiliO-v  k  9  S’  i  x owbx-h  -2  -c  i  ftj-ofA 5Ji 


2£  1  «affy|  t*  V  •7A-U-  1-  9  v  ^  *  v 

©#HKKx-<^  k  A-c-> 


SB®  H«CO;- 

KBr 

H':CO;- 

KBr 

Il15CO>" 

KBr 

D'CCO;- 

KI 

H,:CO.- 

Cl!  ll>  13 

2683 

2666.2 

2644.3 

1995.6 

2643 

CO.JS»|S»85 

1643 

1632.9 

1590.7 

1621.9 

1617 

CI1  iSrtgfl 

1456 

1444.6 

1444.6 

1065.4 

1429 

CO; 

1357 

1350.4 

1329.5 

1327.7 

1344 

CO;  ^  ft 

755 

752.3 

745.0 

744.8 

753 

I in)  iSSlOflit; 

;li  cm 

-•.  z.'ip 

k/t-UiudHS^lSI-'i-CSAL 

t-lvfcto.  9 invito  10) t?.?. 


<t"C  >  K  05M:-iiS'ir.-rc  t "  iaiSfi’j^&ibt  6  o 

I43lcii  KI  v  b  ')  y  ix [S (freeze-dry) o  CIO,"  Q  2 

ftmi-X- V- EO X  ■) icffiffi i!S!(SL  X\'ti-t>*EXh'S\  £ 
0^feO£Iig‘.S(mg  KC10,)/(p  KI)  kit  O'bt ,  «5lU^03£ 
(£ (optica!  density) lijufi  13mm  Ot-  i  9  c  0.4g  OR fj’c’l' i 
disk  Oto:;Et"  t-)::?liif.l  XhL>  1113cm  -'  rj> 
^>io  it  Sit'-'  CIO  5900  ( mo!//)  >• 

cm-'  maxi ist^a  o -/ > ;tj;  y  nv 

h  9  V  C  x-r  i  i  iOT’l  t*  ,t  ■)  tlWt  I'jX.'lo 


(mg  KCIO,)/(g  KI) 

A:  1113cm"1,  5900  (  mol//;  "> ■  cm  •> 
B:  628cm1,  500  (  mol '/)  1  ■  cm  1 

13mm,  0  !00g  ,  '  disk  Hi.  "  . 
r  3  KI  -,•  1  !  ■  *  CIO, 

■5  nciW-A-.?  k/tc  -Ji 


-f  ,r  /o 


(  5  ) 


{kio.  4  ■>.  V-*  k  V  y  9  xFioft ¥KC 
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m.t  -CidOTsft*  toi  iW.  □  v  >itr 

ivft  y  ■?  k  ')  ,  >  >tviii£04  tz  -A  O'C 

&&'*><>  COJ&fttCltt  o  £  (,&.  ■  2181 .8cm-«  OSC.';5SS.i 
KC1  t  h  9  v>  £ Xrt'Cii  1 .6x  I0‘(  inol//) -*•  cm"1  "CSs-is  L, 


fzA'^X  300  mg  O  KC1  O  disk  dt^r-SlC  0.5  /:g  C'Cj'.O 

>75 fig*  y  ■> Aa'-anx o  .i-  - ;i;o'0  Ko®;t  i-4 

cm-'  A'***,  disk  Zim'&lil&tZZ-ZYuMtfZ  itS-t  0.08 
cm-*  ^  co  £  ?  ^:{!\.i3'C  ttirzb  <'*> 

c  £  0  *3?  5  n-c :  ‘*v  '-C  #>  *>  -5  .C,  ©ttsr-ii&iSC  i  ft 

iS'C  i  Lorentz  Jj££L  TV'?  -  disk  i'  £  OiFjJlDT:  OCX"  d 

*  >  oi5if-!r<m^ ’i>  <  oiSfT,  ft7K>i8S5ci£ .C 

l»l  U  -7  k  9  y  'J  XODifia::  £  0  ftfirVJl  >  £  <  -SC  C .  -C . 

i8Ki  LXfilv'p>no  -f  *  >.J/-}2?Jii-;  &  r.  I  tzA‘-  o  x>cri. 

k/Wt  disk  07  k  ')  vtxohlMZZ  i) &<&r. 

iii^o  i< s .■'/•.  cc!i:s(bo;-)s  d*>£3r,f. 
OAoy^ty-  k  y  yAO?  k  y  /*x;c*.nxil>5SELfc*^* 

k^'.-5*/T'ci£‘CV'o*>»  COjftRd  ;f  :di,  £^IC 

v  k  y  y^^l'S-rifXIgBH,-  $rfi51tttO<-5f;tO-CS>v»  K 


■J  ± U  tzt f)i Sbn 7. XCcitCoEflC c'o  t-j  *io 
:0£5 

Htfrtc £  <  353m,  disk 


Mi  t  tfKffl  t  ttfmiii £  L  X  t  k  y  ■>  a  £  *  y  f  a  iM-C  & 
AA-,  tK*£-7  fcfA?R;s^.e>it^i'o/::>  ;n 

gois  **;■>»']/*  >iix\'tz 

t -,  — E  disk  &#t,l  f;5>  £  ;£[‘i]  l*  xa?  k  jWAAz bixtz>  t  tz 
.-Got  disk  £&-]•/,  £-}■ f'4d  £  >&{&■’/•££',  c  £,-r. 

rA-G ,  L  i>V T,r>  W-Ji'Vz  2  kto *  ;k->  f  AiMo^Xt::..  i  1 

o  £  -;  tzi  7:.,  >LtgALf:<r.  OCiH 

k;Ktt5lS-7  k  y  y  »  % f;,  e. 


7.^^  k^’.dK  13  \Z7\-.L  T  £> 
AitKBr  !C*efcv'^'>figA^->'7A0r:j?l,„S7i07'x7 
krt':a><;,  -odist  t- 

M-j-7,  v  ll,J/.x !£il"  ,  k^ki  KBr  i{'0->*  -7^* 

^>->Af/70tOi;Wf?v-C5^A:,  >n;£W  12tC/T:l^  KBr 
V  k  y  y  7  7(^0  C;0,;-  d  ^^(J7-n^  k 
■-  ,  BLta^fc; i  iH!I 'ifii i a 
■•  hlz,  coJIiftsci-t^fiSJiSd  *  z  '.ittl  tzZcX  i'/rl-W'A.z 
^zi'^tz'%  .%>  ;ii£-£7d''  KBr  T  k  'J 
•V  'i  t-  ;k  >  '>  ^  •>  •>  A  *  Zk  ■>  c?  A 

'■■'  ft'1; £  l  Ok i o .. 

3.2  {t^5l5 


ttffcl  <3tV'i8tt'ir^t-  disk  -Si'AO-.i'i.H-CMt  S.  h,  V 

Hn'iW  7  "s  >’  k  ;ki,  «JP tii  ■£  *  -  K 


11)  \'.  Schcitino,  1.  C.  Hisatsunc,  to  be  published. 

12)  J.  C.  Dccius,  D.  J.  Gordon,  J.  Chtm.  Phys.,  47,  1280 
( 1907) ;  tz  h  !C  >  Z  ("  5 1 «]  $  A  x  V'  o  (li  O  fti®  &  K  t- 
pri. 

13)  1'.  I'.  I'rccberg,  K.  O.  Ilariman,  1.  C.  lIKaMiiir.  J. 
M.  Srbcmpf,  ,/.  Phi.  Chtm..  71.  397(1907). 

It)  K  O.  Hartman.  I.  C.  Hisatsunc.  ihti..  71.  392(1907). 
15)  K.  O.  Hartman.  I.  C.  ilisauurc.  uhd..  69.  583(1905). 


40B;j;o£5i:t-t  500;C  X'  KBi  ft©  BH,"  tf&itLXk. 
tztO-Z&Z,-™*  C07 'ii/  k;kX'  2300cm-'  llfco  3 
1130cm-'  !C&o  !*©/<>  KliBH.-O^HKlR^t**),  % 
Ot& Aii  BH,- 
'erxi&iCfntft L tzi&'ao 7 ^ ^  k;k-C,  >n,i CIO,- 
OXjZmi'MZW-OimtlX  disk  |CAi£-CgAfCifi3SL 
t B  BH,- 


T’dSo  j^iC  disk  I*?:i  k  7  .Aciv 

Zfty-rz,  ft.Sd-G 5C-.SE s 

±ifn;£  £V';,  7  k  y  ,  7  7>}ft-i'?:‘;; 

iiSK i "r2>!5*'7.;  .i'Crzo  C  >;i 

%.  ~ 

C  VO 


V'cSiaCSAlCi  oJuit 
:  ;>  -r  <  0  disk 
£  0  *'7.;ji§!CL, 


a  »  (cm-*) 

A:  ££5C,  B:  CK£5C 
[■:  4  KBr  7lj/»  7rt;c#it£o  BH,"  4  rf-  yofiSftfiC 


lS40fflt**%0Z^9  k;kC,  2000cm"  W5£lC*5giV' 
2 A  Kit  BO;"  d  *  V(*»B  t  «B)©ia»fStfliai}S»!CJ:6 
;c  dtkii iur?ii!^SiS"'t7'C'.'oOC-,  2000 
rm-*  0/75  K£'J.^1.0'^<;t-/7>  Kit  590cm"1  WiliOE^tSSlT: 

;*-c#>*o  2  i';t(-.  t  k  y  y  i'7rttSM3ci£fc  bo:-  o^ak 

/7>  KO)iJtJ.:/T;L. C&A »  CO^Eit  BO;-  L-C^f 

t’AB'f  5(tr^*  y  )li^urlu!COV't  Price")  |C£  0  X  GATtfe 
!,11  £<-aC-CV'70  [T4-c>Of'!:O^)-i./7VK;t(B0.-)»IC 
,£A  t  Oi*J"CICffll5!t?<£'tV'2>s’«  Li‘l,  Z04t>  OS 

?C  2  «cV  y(t7A  *  !)  -c  k  !)  y  ^  7rtO  "BO;-  4  it  V 
*1- *vH7  7  A  #-  k  /t.(cm-‘) 

Ptcsscd  disk-1)  )li  ?,*,  ,pu') 

7  k  ',  y  n  - 


y-i 

kz 

NaC.1 

1993 

_ 

1995.8 

583.70 

NaBi 

197! 

— 

1971.9 

581.35 

Nal 

1948 

1948.0 

579.33 

KC1 

1972 

589 

1972.8 

589.74 

KBr 

1959 

588 

1958.4 

588.64 

KI 

1943 

586 

1942.9 

580.08 

CsBr 

1948 

— 

1947.5 

— 

J£«)  C!R1*W  2).  i)  17). 


10)  N  Haddock  Suaicz,  M.  S.  Thesis,  The  Pennsylvania 
State  L'lmerils,  June  1903. 

17)  \\.  C.  Price.  Final  Report.  £'.  S.  Arms  Cont.aa  No. 
DA-91  -591-F,L'C.-2127.  Cnivetsitv  of  London,  U.  K., 
Januars  1901. 
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(  6  ) 


srt:?iis:iv- *■> x-::  •  t  y -• . .-  i.  ■  •fM'.’ct© 
fr,  is  o'.  >;iH||{£.r;f7*;:  i  o  5>oi-,-4'l'®IL  K'*' 
j)»?>*CS>o9ia5o(B O.-J.O-jnSS^'O  iltii 

h ')  v»xz.z  y  im%ZoX\' 
Z  d  trXbfrZ‘%  L  rM,  d©*  o  **«?RoiaSS*‘3>oi-i.-5' 
4  ca> <  BH,-  i-  d«rJ]Oi!l6 

ftli  BO;"  -CSS  I) ,  dOf8iL?tf/>-?  !■  9  '7  ?  XftX&iftl,X=i& 
#©4  tf>(BO;-)s  SriilJ&T 6:i SiK.i>'-'2> o. 


la  5  >'P)T  y  (t^-  h  9  >7  A  ft  Id  }i  it  o(BO;~),  •(  ±  V 
OSfcR’&tSLT.^?  )■* 

BO.-  4  (BO;-),  disk  SrfiM©7Kit?;£tdi?;>L ,  ■irit 

£  freezc-dry  L  t  disk  &$Sit5>  t.  *©#WK*^*  b* 
tt*r7ftti’-r$idd4&&iyi+oo  disk  ft 

t-EM L  -C  (,  d  ©  £  ;>  &  4  -t >ii± U icv 'o  ElGoAii.+.tfSSSr 
KBr  disk  ft-C  550°C  <‘  l5>V't'!ft7fCt,  tztHW;X&Z&,  ltd© 
&7X&&-< til  9 ''}  < 

disk  d©dl-P© 

%'$.!}  I- zWiHji ZtAV&tS. oXb>), 


Xl^Xi\X<i\-£  500-600 -C  <-OV'-CWto  i,  rj ittxmyk 
h7 '■'?/>  XZHZ'V,  LA*Ud©  disk 
7  Oi  i>  h7k^*)Jii5iv2.,  d©-*^? 

S-Aid.  KBr  disk  | 

[•»'■»  Z  frZ*  Itztfo’ d,  SJAJifc^V'Sdli^ivCV'fc  NH,+ 
4  BH,-  ©4  *  ytAQ&'.zRCLtzZ.  4dSin,-J»S>t*A»5o 


0  7  KBr  -*■  h  ’J  v  V  7Sf*3t?  NH,+  4  BH,"  ©5rc.-ld£  9 
'aiSStt'fc  BN’  hz:- 

ffiti$©£  p  id,  4'iSSsr^tf  KBr  disk  SrSflfJi  5(XFC  <*f>V' 
X'^i'o4,  c<D't*>',t-?  Ml  ?J>xt®iWrZx><  ')~:LX 
0  2-d!id©2>;{tlSr7j;L,  ©CwO&Sc’.iX 
1  (dif;  L  id  4  &  0  *d'  £>  o  10)o  1>L  disk  ~r'r>oi)"r?fi5iSt'^-J'o 
4,  **18*24  *  Ki^id^  <  it !) ,  <<Dbb ')  id 

$j8*2-f  ;t  >  !d£  olffL  V'V'  <  o*‘©/<>  K#?P.:bftT  <  S0  d 
©«5b©-o©4'RS§a*>  K4K!8i2©-o©A-y  K©3£K©IS 

{CfcBI  8  Id^tXfeo1*),  dOgJJRSS,  (3.24  mg  NaHCO,)/ 
(gKBr)&&fr  disk  £  577=Ctr®Ltxidi©-d',  tt  f< 
xti&coz'*'?  h7WJ»C>iWffiS^fc1>©-e«>5(2.2  #P.(9o  d© 

J:5&tt*4»«affi4©IH«llSttl*‘e>  disk  I'rd-gd^TV'S 


(  7  ) 


* 


4*V*Y  9  -j9 


IH9 


2IICO."  - *  CO,^  -  II.  T  CO  (1) 

t  t  y??x- 

7o-/hto t,  E£:» cn.ic«4'fiSo 

£fc3ifS5c@ 8 oi e> 4*® 

rzmmwwmv^mMttiLx-fa  *  t-maao© 
')  &E?S^x.f.^oo  fiW.i.iMJS©  K& 
iu.  9  iCTjjft&Qo  C ©$•£!::!;£(  l)j£&{£  jT  C032-  ?; 

nco2-  ©iBElcMlHU-C^o, 

^-^OSlc-aiffijESaii^L  <,  jS  3  ir  Arrhenius £ t  LX:jlb 
Sft.©  i5&tt*ss*e»i'-fc.  c©?<:c!i  DCO:-  0£|&f&r-£ 
-o/i<L‘C®-oo 


3?  113  (inin) 

3.24  mg  NaHCOj/g  KBr  ©  disk  iCio.  577CC 
752cm-1  li  HC02-,  880cm-1  IS  COr-  I;*®. 

@9  KBr  t  V  9  v  0  XfilCSitf  5  HCO;-  4  *  V 0~KU.fc 


S3  KBr  •?  h  !)  y  X  T.fWff-.&VttfnmiS.V 


(cm-1) 


fli&it- *  *  $  ~ 

(kcal/  mol) 


t  x KS^ 


752  KHCOj  50.7±3.5 

880  K»COj  49.5±3.5 

745  KDCO*  54.5±3.5 

784  Ca(HCO:)j  52.0i3.0 

875  CaCOj  50.0±3.0 

779  Ca(DC02)2  59.0±3.0 


2. Ox  10,4(moI//)-l‘ sec-1 
8.0x10’  "  » 

l.OxlO12  >/  " 

4.4x  I011  see-1 
1 ,3x  1011  » 

1 .5x  1015  '/ 


a«)  Oira»  10) is  X  V  15);5'£). 


mt  h ■>  'j  tf  ^vti,?»mmzmzmLx 

U5  0t,  tfl©  TGA  iLXli>ommRZ'<t  VffiXZts. 
k'o  L;)'L  cn£>©4'lftJMi  KBr  Jti'©7  h  ')  vtMZXfttz 
disk  itJKfWS;  TGA  cSiMito  Ci; .•)“-? ^o0  0  10  "CIS 
(27  4  mg  NaIlCOj)/(g  KBr)©  disk  &  570<:C  "CjjSLfct  #© 
TGAf.Vt  'A.bLXv  2.o  c©K£;i3flip©‘icr:ftir?;c©;* 
lAiilft.t  1.7xl0-»( mol//)-1- sec-1  XS>Z>o  ^3©MOT X 
i  i'T.!5*G3iWlfcSfiili  1.8x !0-J( mol//)-1- sec-1 


*'!&»&<•  ■A©//rofEK;a:ME^3E5c©ffiiifcopi|JEv  M  „  ? 
IV'toif:*- 1  x'Wi>fr'a\  ft-? 

V-  ;  •■  WiWfcnrt-c-fM-%.  tA'L  KI  >  NaBr 
V  !  9  ’  AftiMSEftttffiuN:.  KCI KBr  <r>  i>© £  <) 

i'l  10  t“ L  A'ftS *  *  >  ■>  a ©iJi<?  ic;s;ift.-li- 


3$  HB  (min) 

27.4  mg  NaHCO:/g  KBr  ©  disk  1'  X  6 .  570=C 
TGA  Sirs©. 

0  10  KBr  -7  1-  !>  -/  ^  xfilCJilt©  HCOj-  4  it  x©#f!?Ejt- 


0  11  Ca(HCO;);  i  Ca(DCO;):  £©  Arrhenius  St 

ftStC&Q  12!  11 1C 

Tjetfc  Arrhenius  S&SKfe-JIfffJlSi  Ca(HCO:);  £  Ca(DCO;)2 
e>*©*3i!£$i!cic  X  ©  i  ©•?£> o0  c  ©0^ 
ffittrt:*  ***'-!*$  3  »cjj*tfc,fc5li*BiS*f*:'*©4© 
i©£  iSlSRUffi-?*)©,  G3ft©**fB  iifri/VLO 
TGA  TGA  ©J$ 

v-0  dOiSvii  TGA  ©«to:-i»ltBJ3K©565t{SfiS<tKR?lcJ:  'J 
•xOiSK^^OiSBEJ;  0  i/V*  0  iOt  '/:ftCi>oiBWi5o  fiS 
>!>  c  * rs*  a  •>  •>  iKtl 

©  c  i  //‘fit ,15! $  iv©0  TGA  ic  i  +'ftS  *  ;k  •> 

•0L.Z$ts  disk  *:fflk>fc7tOU,  TGA  OiLLfS©^fi«'/h$  <  ts. 
L /i‘ i >©?,', h^*fcA.fct©iPiai6: 

i©d‘>k©OiT.©o  fcix  11  10  mg  Ca(HCO:)2/g  KBr  O  disk 
IC^O  472 -C  T©  TGA  ?);;/ f„i  4.2x10  ‘see-1  ©KJG5S5K 
7h»//A  OH©//,  Ci^ii  h  ii/  A'f,  ,11 

3.0X10  4 sec - 1 

Ji-l  t.  '>ftS/)  ')  '7  i.  i  i/  a.  ’>fi?/jil/-> >>  A  i©  KBr  v 

(-')/'  '  lit"!/ Arrhenius  .j/C y 
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(  8  ) 


>nl-CS?o 

T,  ftOAltli/J  9  ■>  a  £  *.ii/-ft  *>  AjJjJU  i  <,;c -ifc'S.disftfrlii 
*C $>'6o  imo&li-m&it-*- » 4'- 1 935tiRi£rt-C|.| -ft A 6 
#**»  *  'J  v i-ii'hsLtzii A/j>r>oi© !:  0  f 2 
KiSi'-ASV'o  ff£ 

IgS/*  AO  TGA  Fii^icJ:  I)  ft  cV, >>!?/-/ t.cftt:?rJ.-ic 

*-7-vOitj%(.;j;  i)  ?jg§ix  o  ft  £/ftft/.-©ft,s>o 


21  4  KBr  -?  Y  I)  ?  p  X ft o ->  a  <‘/fi5liio IfiftCri'g4* 


/;.4©y  K 

iSfcfelt^ft.;!-^- 

t  yi|(Q7- 

(cm-1) 

(kcal/  mol) 

( see-1) 

785  K:C:0, 

60=6 

0.68x10“ 

880  K;COj 

63=6 

4.3  Xl0“ 

3  CaC=°<') 

m 

'H 

CO 

0 

9.3  xlO11 

‘a?!}  CaCOs 

66=5 

3.0  xlO" 

<i)  5 !JH£iS  13)  JsJ; 

C<  14)  A'  P> . 

i)  jJrlt*  /l- -ft  >7  A  i 

-ft^-yR^sej  i;&  l  ft  t 

©(*&  13) 

&SS). 


<<mya~o  tga  loofSfSfSi^wnx 

-C*  Oftdft'o  L^L  TGA  Jj-tft  CaCjOj/KBr  O 

disk  i  hixZ*  ict*. If  510;C  ft 

10  mg/g  O*  jl/->97  Al)dO  KBr  disk  1 .7X  10-,scc-1 //©Ji 
»!5>nfcOII<^-C/»Ha*‘e>OtSJRi±  1.3xl0-<scc-'  ftfc 

Oo 


■>  =,  OfS  **i/$  iOj5S»ff  KBSS.  *  *JS+  i  5  — 90RjK 

coft-^ftoftr/wift «•>©<,  C1  o^HF-Srftfl: *  * •>  >>  2.  £  -ft  * 

6i,  >0  KBr  disk  M?M  X -n  ?  HxHCfeV<i 

S'l’li  2-^oVtl^'O  K*iH#M!iSlfc*vS(U5 13  #bb,  fcfli 
t-wiVN-  >  F)0  ;o.tv  feSiSHi  Slow  •>  *  *>5-i  *  *  ft 

V'o  *  it  *  *  ft  ->  a  *>•  e>£;£  l  ftMl-iii  tga  ?j;i- 1  ©  #  $ 

Oiz  *  *jR**ft#  AOa^JBKO  1/2  <,0’.'O;i^S-C  />i,?-j- 


©0  <  L  T >Oififi£^d>Wl!!lilS!-^dhd>o  tf-  ? A-ft G/x © 0  ft 
®£j  \UiU\t:  C.Oft-  oftl- 

i>‘-X  5 ,  Zii&frVl-t  ©  ft  £  ic  t  ©  l  o  £  SWx  ©  >-> . 

KBr  disk  [S' ft  ft  a.  ftPi*  9  ft  A&JgJWf  £  £  KnifilO  X-s 

ft  hMmii**&^2f4o®iS-Bf(fei£f;o^HR!i«^^ft  h* 
d:iJi.!<5JliR1cH5>1*>o  c©®J±i£fro-*o;-i£  1  o»/;^K 
^•3trv'©o-c4'fi<iJa'C,ft>© -  >//■-)•  ob/.-©»  ££ ‘) <r>£ixi': 
IS^niSi^^ft  h^oSHTcOKVll,  -/  >OA-  /  V 

-ft*©ft£//*b/.'oft:">,  <T'4  ft AO/i.Vft'iRx^ft  k;iv> 
iSi!c;i^5  11/TtL  ft  ft.©  ,  ft  ft.  2  -  VfiVh'l  ft 

>//-vKh(Zl©Lft±f':  l  ft//- -ft  ft  *  9> ft*  9  ft  A.  KBr 
disk  ^ Tp *. ft- ft  froen-dn  l  ,  <n£  9>‘;?'N'  1 t  DCO.  £ 
DCO,-  /.-Aftft©,  ftjjSO  disk  1*  I-  7  -7$j  lftV'©*Of,i. 

IftlXiX  SlL  ft’.'©  V  ’ft  >  —ft-  ,  ft ‘ft  1." -*-ft  ft  -  V.  r  *  J[l  ftj  -ft 

■>  *  ftma^iCKKKreR^'.'o  L/.-L k('ftft-^±t'©I^S):ift> 
W  M>:i  -ft  *  ft  ft  ft  9  ft  A  C' !};.!  t  <;  y{  ft  ©  /;  i  /- ;  f,  0.313  mg 
K;(ftOt  a  KBr  .  di'k  ' . ; ift.Vftft.  i/V-J  339^  II  )'  j.  ’  .. •  . 


20)  I).  I„  Hrrnitl.  K.  G.  Hartman.  1.  C  Hisatsunc,  ,/. 

Clum.  I 42,  3553(1955). 


iSt  i'i  (cm-1) 

A:  SlfeSifi,  B:  5085C  ,  5  5J-f.?.i55J.'ig, 

C:  508^0 ,  100 

1 .5  mg  NaiC'CVg  KBr  O  disk  1C  £  © . 

E  12  KBr  TUI?)  xftftisl/S  C:Or-  4  *  vO 

£  >* 


A:  fStoaffi,  B:  490-C  ,  2  ',)•?.?. '4 ?E ft, 

C:  490=0,  543  »*Sfca» 
is  13  KBr  -t  1-  ')  (7  xiNilisttc,  CaC;0,  O 

hum ^7-^p  k /ft 


2i  5  c  >f  V  it  ft  y  ft  Al’soKKftGftC'f  ft  yo 

k/k(cm-,)‘> 


*««»  H“cS- 

KBr 

H“COs- 

KBr 

-  H“CO-,- 

KBr 

D12COs 

KI 

-  Hl:COj 

OH  (I'S'i 

3339 

3390 

3390 

2517 

3417 

cOjSWt^M'sa 

1701 

1697 

1651 

1687 

1687 

CO;  WPr.M'ffi 

1346 

1338 

1313 

1338 

1328 

noca« 

1218 

1211 

1211 

975 

1205 

C-(OH)|i|ifi3 

971 

960 

950 

960 

949 

CO: 

713 

712 

712 

712 

714 

OH  EiiiHS.ft'j 

589 

579 

579 

579 

566 

GO » EE  4  S.  fti 

840 

833 

800 

835 

833 

OH  JiCH 

672 

660 

660 

486 

655 

iL  fl  )  x©  ^  1  AO  in, (ft 

li-Mfi-T 

Kffiis-cf; 

ft -5  ft. 

■Jill!  ft  fa 

20)i.B[i. 


/Ci  i/CGGftjO  75?o  It  HCO.-  t  IlCO,"  <)!. 

1C<  C^ftfta  ftfi'iftxkftft  AG9>^"c^fic;iKfi4ft;kftft  a 
Dii/ijii-t  90%  rj.±ft#.©^ 

V  V-  4  ft  ft  ft  l-ftft4ft.4,’.to 

ic-  .-.  ft  ft fii] ip.  ft  /  ,j.  c  ff/:  ©/;.  ©  disk 

'l  y.  ^  *  -  . '  -  < j  I  - 1 1 ,  ©  s  1  1 1  ^  "9  ft  ■  £  — *  asl  r  ft  L  ’C  (*'  (l  L 

■CV'Co  -cOi  ft  ft  4  ft  ft  &  2  mg  '  g  ft; ft  KBr  disk  0,( '4®i 


(  9  ) 


£U3:  ')  »  7  (t^EET- 
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h;W£[>4  14  OAO^'^f  h;l'0«>0o  LA-LOOdisk 
£  480cC  0  30fK'0'.'ftt;:>,  WL&iLfz  disk  07^7  h 
*&  H\zmot0  007^7  hAOlitfifiSUH  *>0/0  KU>4 
i :jK®»4B«5.  MO'O  K.£ffifix$iimo0f?£ 

hco,-  d  *  >i_  c  ttm 
CjMZ.ts.vIZo  14  H  OBOMJ  h^-C3jj<L/^i{SOEWN- 
>KA'*  1400cm*1  izfrtf/;  ZtV.iMH'.Z  i.  <)  A*  Ac  0  O  CO,-*  A* 
't-izZh  Zft?-  L^LmKAmoife'Jstz  <  *mi£  COr* 
0±/&-t£MA*-A-Ac  0 I?:  15  lt<0 i 5  CL "Co<  -> 
A;  disk  07^7  h/l'OS'CA*.  COOIt  1400cm*1  0/<>  Kii 
i-  b^'Cgi]V'0 


»  »  (cm*1) 

A:  Sfttoaffl,  B:  480=C ,  30 
2  mg  KHCO«/g  Klir  O  disk  !:i«. 

14  14  KHr  -rH,;  *fl;i:fcl*SKlS*iKd  sr  '/& 

I-  * 


iS  l'{  (cm*1) 

[4  15  KBr  f  M  v  7  7|*K5i*lt  C  HC(V  d  4-  X.' 


<.,  1  *  >  i.fiSiHO iiltfcO'J^'/b-C  A>6-  LA-LOO  disk  &  500-C 

<  vKiWUSt';  £  m^t‘±fC  Z  £A-£ 

[/  15  i/7/s7  (-/Up  1030  cm'1  tA&'lSiwO  KiiCOd  *> 


i:  a  0  l  o 
ik-'ii'i'w.i 

10_l  sec*1 


*io  z owk  acuko t -m 

Kbi-iz,  5.4  x 

*>&■">»  5E7):^t'fet.'K^7j:;!51SA‘f>;-i  UC0:*A‘ 


x.Citoo  SA:  0®E£iiffJ&©  41§lM*#B?®ci->  /J>fl® 
HCOj*  A'*afoixS SC- ' 5A‘i Lit*; v -■% 

<  fcl  e>n  t '» <  6  ECtt*£SEftS:  t  • oEE;  £ A*  0 1  &  A:,  L  A' 
t  KBr  disk  o^-C^Kr-j2E^£3^e®i;.s^®{t&ft®^^ 

7  hAS-^:xS»aofaffiA*‘§it-Cv«5!2S.iASi,  ,  L3  16  o* 

li ' £ A:.ArHW« 7 -s 7  h *ofi&£*W-04M c iLtk'Ai t, -ft 
Y??:oKCi£KiP' 'e:ji ,  :o.M®3r^d?  i- 
u  d  >fiSfi;(>7r5)  i  7  h  5  >7jfJ><op5'f  *  > 

Ji  KBr  disk  A- Ox  A.  tOO,  Of  OJ;  0  A; 

(2)?^Wl'AhKZ?7;r, 


H.  yCO.- 

H,  /CO- 

Xc/ 

/Cv 

H/  vCO.- 

I 

o 

o 

1 

\ 

o 

./ 

(2) 


;..  16  KBr  f  1  v  «'srt;:ij!At-?i/d-/li$a-7T<v 
KA.id  A-yCj’i'r^St. 

:  'A  (LU'L.i  ;<'...!0Ait;>oA‘'-'>,  :it!i  TGA  Jj-Oli 
ll'-l".  :  0.  '/  16  i  7x7  I-xV  -L-ttL Ac  KBr  disk  i£AJ}JJ,i 
vi  '  ,  *‘i ,!  ft,.  ><,  KOAjpJ,  Alo  UA*L  disk  A;  200~ 

3(k»c  .*.?»>»  -■  :vt  d ;  <  A;  4.  nonx*® 

jt:.'  7THf,U;.-  -o  K/.-3K  A:0o  RCA-5ST  t  A-OfjlilUlI 

7 vnf.fj;'..  7.x'  r.-VA.-^o,  C0PJd^>®^n«iiR^ 

^7  MA  JOI'.'S  .  ■Vl’rl.tffOhn-C'.'Ac'.'A/.,  K^^fn-T'T^ 
"A  S~- ;.  ;f  •  •  /, .  1.-'  ';.>2*s*./<^KAr{fcH3i*^it;®!Hlii|:S> 
triiutlTrCf'.  z  it-'A ;-o.  kciov  k  ■;  v  7  7.-c,i>o;ii 

MJAuit.t  5.3  A  10'-  expl -47.8kcal/«T]  •  see*1  t  ,Ai 4  0  \t0> 
KBr *i-  KI  i'.t  I.  ■;  7  7  0 1 itiSKIf: ‘^V/UA-Aa  AjA-.O  ,  ;o 

•t  0  A ;  7x  7  l- ofii^E.i.  t A: it*'lZCA.<ii;Wft’J 
OA.  r,  :th  7  vAftl.-.d  ^  f>.:J5'.'ii!'ffiO  L  A> 

i3  -  A, A;-. '  i;  >5  'If'jv  /ALOV-'O  > 

3.3 

WtJiA'T-  h  •)  7  7  iRliSft'iod  ^Al^’.s  oo-mw 


21;  1.  C.  Ilisatstinc,  K.  O.  Hartman,  Science,  145,  1455 

(1061). 

22)  1  Adi.  I’ll.  D.  Thesis  reseaich  in  pi  ogress.  Tlso  Penn* 

svlv.iiiia  State  Umver.Mts. 


23)  R.  Picliai,  \’.  SUicttino.  I.  C.  Hisatsunc.  to  be  publi¬ 
shed. 

21,  R.  B.  C  iindall,  "  l’uigicss  in  Reaction  Kinetics”, 
iVie.imon  l’i<s,  l%l)Vol.  2,  p.  165. 
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n  *  it  #  ft  S5  89  %;  12  -y-  (1968) 


(  10  ) 


i-  ciiwasjkftoMV  K,:-v>t  i t 

5. oit'^fA u :’/>G3 <  (c -  /c- L 
x  c.  c  r  i«:- 1  o  x&fiicuMx  ii:  £  i«®S 

ivo,  £  is  •>  Sc,  r  «*S3!H L  fc  disk  A- 

XI  CO;-  -f  •+>5J?^^K):o3£,.'ESRiS.-jt|gin-Cdo»'o 


130  giuss 


ttT 

•:  if 

1  v  >  /;  /.-lie  r. 

0  /''';'£  t -->•  m 

I*L  l 

10 

x  s/>> 

/. 

Vf/0  Kllr  t'i  disk 

iii'l 

1  /  •/;  ■•>iS!'/| . 

s  /, 

20) 

I).  \V  On  nail, 

0.  II  Ul.iir-n, 

.»/*/.  /'/,»..  4. 

1  ir» 

(l%l). 

'16)  K.  O.  1  lari  man,  1.  (!.  I  Iisut'imc,  ,/.  Chan.  I’lm  .  44, 
1913(1900). 


h.  Sc  (cm->) 

18  KBr  -r  k  !)  ?  CO:-  7  i?  )j 

2*42  *'4  7  b;K54%  >3C  £&tf.  ffililiiSSS  -I90SC) 


0  1/  KBr  v  I-  >J  ,  9  r.^ic/il/ 5,  CO."  5  Vjiivo 
HSU  7.^9  Y*(5-i%  13C  &&t/) 

Ed  17  Xit  1.3  mS  041t  1-  9  0  A (51%  ,3C  )£g]jfi{4;£  L 

*  KBr  disk  O  ESR  h^^jjrL.Xk'o:«0 

4  L  l!C  ©*0#®Jg«f  M-  ■!>*©  ESR  $*fclt 

>it*  9  £  a  M  y  ^^.rtiCgcSitt 
fcCO,-9tf/»^©ESRO«M,  **«$,  >3C  ICJCotSMS^ 
mmts.  t  lift  6 1 £  £  £  »X 2>5>,  £  £  t£»$5*«?.$:h.XWcV' 
KBr  disk  :i>iiil,X$>6o  CcOUhftvmuittc^ 

!<;X  1-  9  V  A Ofa&mrC'S) ©tfl,  % i\i)'b<0  COj*  0  ESR  7.^ 

*  (■  Mt  «i\a*  4  d-xc  to 

*o  L/)>L  tot)  /cfrglli  NaBr  -7  1-  V  v  9  7.ftX  COj-  &R5 

?tiL/:£ dKiiSilitllSHfed'-y^o  %% btf'Z.fzMAZiiX'/'ts. 

V'  KBr  disk  A-fjOfJiJIrri  Ovenali  £  Whiftcn8^  b  9 

f  A  mt.', /,:!<»/:&';«  £  CX**, 

0  18  0*^7  KBr  Eljfi 

TmmACtL‘J)biz$mitz\>  '>XW‘\  c0iEM;4/N* 
>  K  Sr  ;^<"J';:;': disk  X  X  ft  J41  L  X  fff£  o 

/Co  b;Ht}S  1671.0  £  1626.5cm-'  £ 0 2^0?fiL w# 

i'bSiK-Ii; X •  Oo  4 1  ,;c  0^f  10-A.vw aM#©/* 
X/c  Dt:o.-  ZtSfillXi  i!ij£R-0i* 
ii'-£  <>  -> £/C  K//-5’4.hh. £. .  0  19  1C 7. 1  X >, £  1  ■’.  ,c  1671 
cm- 1  o/r./p;  r .  co>-  -7”  esr  ij.-i.’t.ajci 
£  <  MK; lx.'-:  ■  .,  !67icm  i;,rraiCo.  .;  tx  i  /> 
i'-  vAX  i  V  ,  M  13  .'I'rAiiF.aiHii.vni'Vltti,;.,  £  x/Xji3a 


“0  0.2  0.4 

(1671cm-') 

a  19  KBr  Sfl!)  V  9  *ft!C:tel/5>  CO;-  7  f/ii/VO  ESR 

b/>0?SKBa» 

X,  Mi^fc  disk  10  20  03;  9  iCClO^^i'  h^SWX-liM 
5eX  §  ©=«0  £  coWVZWi  4'iSlg  £ Jitit *  9  c>  a  0  [affi«:0 
disk  iCOV'XP,P.,44^iCi!lii$L/cX^ir  b^xS>9,  COj-  7-^* 
;01C£ olJijV'  365m^  0j)iLV'/N'>  £0^\’>  Kli 

ifiK^AoXV'/iV'  disk  !CR?.SitXl(0  2O0M97.c<^  b;0) 


200  300  400  500  600 

a  r<  (m/0 

- :  riiHZc  L  0  disk 

■  :  1 .7  mg  KalIGOj/g  Kllr  ©Kliflfl  disk 
U  20  r  iS<i!!5H£0  KBr  -v  m  ,  ?  7-0 "a -7- 7.^  ^  1 


t -V-r  )■  ')  y  V  7- (')C'.Mt'r  5K- 
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(  11  )  4  :f 


jfc^i«SE£  (1671  cm-i) 

0  21  KBr -?  h  !)  v  y  7.P1Z& It  5>  CO;-  5  's  jl  AOlltir 

4AO&EKU?! 


1671cm"1 

0  21  I^LtioiplC^fc-t-CV'oo  0  21  O*.li0  19  k 
RERtc  5  i>  *  Mt'iM&IQ  a  V-m  m%)  C>m.tli%Z:£b  L 
tV'Oo 

KBr  -7  b  'J  ,  CO;-  a-C 

43c5e’C'S>oo  LA'L  disk  ^-5-p!tXS3AiCfc DSfcii  1005C 
<’ e>V'X  &1+ 5i5i>* *©i»ffi!i5feH- o26>o  77* 

h  >J  v 

7KiO|lillCSC  5  %0-C,  &) mt  LXii  HC02-  k  HCOj-  Hi 
X#2>0  LfctfoT,  CO;-  ±  HCO;-  fji a-jXV'9  disk 
7KA'S>  freeze- dry  £fr&xli',  disk  j)»£>iiDC02- 

i  DCOr  omm.*'''?  Iwi'jWSHjgSftoo  Jfic  CO;-  k 

DCOj-odisk^KKffM^li,  HCO;-  k  HCOj-  k 

XXblLZo  7***0)  1671  cm-1  oyi^ms SI* 

Ik  85~180°C  ©  k ,  K&fc-fcSfS-C*  1)  ft  d.kcal/ 

mol  OfSi±(t-^7V4r-$r}^-3"CV'o i L^t 
COEfS&JiJfflLX  disk  fl©7K&ft<  LXLSx!*,  E£i*o 
V'liz^ic  Ufc*s  o  XgEfbt  ©K>o 

KBr  disk  -CSJcnR 0  y  »IIfcXS  t,  CO;-  ©  ESR 

mm<ovi tv'  esr  ©iR*:gg <  m mix  s  ©,  $ss7K5kjm® * 
7  -7 - &sasi tfc 4 sk % r-o  esr  mmmx- # ©0  i  ©m 

tV'  ESR  CO,-  7***0) 

4>©£tftSgX§©0  s-f.  0  22  Lfc$S 

•ft©  ESR  ^3£K©li/i;j|]t5i'i!fi£K  HCO,-  K(St$ 

©i©)©33<&S>3!ffitI,t'}R;L‘CV'©<(  LtziA^X,  7*** 

ii  HCO,-  ^'5>ik/S$ifCV'S c ijJWs^oo  *?|f(i>  i SKSr 

HCO,-  lia>;tH>£*:nitI  CO,«-  ICfCilaJi-'ROESR^; 
Wfcfrfc#.  ,5c  ,3c  esr 

h JUCili-f So  d©j:5& ,3C#5K>  ESR  tttXCjtflZ 
ESR  MWtflaiR  6  |c?p  L'?i ©«>0 

rOT.fllll*  !)  KBr  disk  (VC-  llCO,-  *>£«}•-)“*  CO,-  li 
HCO-  ;V0©  CO;-  ©ll}*KJtWL-C<©!Rja***aiV '•'«<> 

At*,  0.05  ing  ©*•$* !)  $  i?;  0.5g  ©ffift*  9  •> -MlAil. 

•c,  ;-.  >i  k  uo'-cx5frtt-rikliU2ttv  hco,-  ©WttHa* 

A  OH"  -<  .7  disk  (-)•>;,  v  <■,  |0  ■»  mol  o  CO,  ,J/*±-)r 
ICO;  .  i  ..>,‘.1  10- fiWiV'o  :.  (O,- 

27)  1.  Adi,  E.  Bc.ilim.  '.  O.  Hisilui'.r,  to  Ik  pi-M'  I-.. I. 


i<  G  ''v'/vitli  ')  n-r  1-  <)  v  **rtK|S8$*Vfc 
CO:-  k  CO,-  9  ->•  ji  *  ©  ESR  fSigO 


v  y  t. 

g 

(gauss)  «• 

'C  4>5'i  (gauss) 

KCl 

2.0005 

14 

133 

KBr 

2.0004 

19 

130 

KBr(unheatcd) 

2.0014 

36 

155 

KI 

2.0006 

28 

135 

±0.0003 

±1 

±1 

KCl 

2.0113 

3.7 

12.0 

KBr 

2.0121 

4.8 

12.0 

KI 

2.0138 

5.6 

— 

StzSi 

±0.0003 

±0.3 

±0.5 

«©g?^iS5i. 

?IR]*K  22)  k  26)  MS- 

0  22  KC1  ■?  M  »  y  XftiCiil;)- 5  CO,~  9  ***0)  ESR 
l-A-iJitf  HCO,-  -f 
1-  /’-  i  ©3S3SMR 


0  23  KC1  -?H,7  CO,-  9  -JiiiVO 

r^W^ElCCKCl,  96»C) 

VyVDMi-7  E  )  y  >? *\HX  CO;-  lit'2c5Et?&V'o 
li0  23  -C/n  L  -C  fe  5)  i  ^  Icni^Elc-’CS  c  io  Cl©0©tJSK-C 
OC-'C  x- A>  0  7  i7  D  Jl-©  4'n^SWtt  hffp  17  ^X4>© 
tzo  iiUSEfcT-oifcJS^KEKtU-'rX^Sj^ej.  C©Elc-ii5i >* 
;kvO  -fiUWtlX&o  k  mx-  i  ©0  KC1  7M  vJX-J  70~ 
120"C  li'dx  :ti?l5^1i  1 . 8  X 1 0>0  exp [  - 1  -1 . 8  kcal/72 7’J  (  mol/ 
/)-'•  see"1  •c#»o”>0  L/cA-oX  25°CXJg(t*  ‘J  9^if‘Xn.f. 
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0  -V  It  it-  4i  ££  89  «  12  (1968) 


(  12  ) 


Musa;  44  CO:-  otMui\»),mx  1  *f-feLLO^ 

MWISri  oX\'Z0  £fc  CO,-  It  KISr  ^  K1  -7  h  >J  ,  7 
Ki ')  <«'>-]- 5o 

CO,-  O  7  S>  *  A  £  ft  Weft  *992*  O  disk  Oi&jZZ'liMif)' 
<0  ESR  L 

tf'Uaiffitf*  -  150°C y.Tlt& O £ JSffiii.S.fc/ctfK <40,  >L 

t)w;3f^emi'H'ic  3  iz\z%m60  nn^o  esr  /« 

ti'b&ibtz  g  fiili  2.0067  ,  2.0088  k  2.0152  X&Zfi‘-,  Chantry 
o^itt  i)m* 9  ’> 

LtV'Oo  cot1)  fr5>?!;i  KBr  -7  h  9  ?  7  X 

ofco  S(t*  9  9  2*Ol»fr  —150  **£>  -190-C  CesV'OiBK 
lill-Cii,  CO,*  O  ESR  fttoffiit  Arrhenius 
•Y*  £4  24  it  KCl  7M>;  ';zoi>ox, 

3.A4'—  It  1024  ±60cal/ mol  O  barrier  k  Olx/Co  KI3r->f“ 
KI  V  b  9  .,  7  iRfKtHm*;*. e>no,r-, 

-It  KCl  v  h  9  ?  7*olj}-fr<fc  DM  Dfixi'o 


L-3  24  KCl  7PJ,)  />.[Hltisli  <5  CO,-  5  v  1i  AO 
ESR  IS  $3  Oil®  It  £  «  Sc  (t  (CO, */KCl) 

4  ts  &  69  m  m 

4.1  SK0A794E 

|li|li'iftFA4  *  h  9  ^A’g/tli*  9  9Alii£M:*  9  9a 
fch’OifljJJ  ££■»£,  disk  lltoi,  <OdiskO 

49DO (HW(in4ji  h Alt &Y\mVrtlo  ■£•£#£ BScii 
<j0  ^ix.iti05?;:£r'S4£5S.,fllt!ittot'>Lyitj;ot:^'4?  I-a 
frcwc-dry  ji.-CO<<Vlt>0  disk  O 
"(oti  t 2>6..  Lf.'L  UibO  disk  Aoo 
fc/tMtrf'S  k ,  filYiX  L  X  i:<  0  <  ffiiX  disk  ij>Il 

J2l||,il'CAl&:t;iM-ox'\7  bAA-K^i iZu  ;ot-)?;x^ 

it  h  AliWUi  i  ■£?  V, it  |if  ±t  £  c  i  £  £  lit*  9 1 Z  <  >or>i 

:"r 7’  h  9  7  7. ,’ '  t  9  ;li - l Lil tz  t  'v’CVc  '  v  -■> 

it0i  i  sf-^er-^yryttf  td  a  tv.-; 

28)  O.  \V.  Chaims,  A.  Iloisticld.  J.  R.  Morton,  D.  H. 

Whitfcn,  Mol.  Phys.,  5,  589(l962j. 


disk  t*Ai  OCN-  O  doped  single  crystal*’ 

Itt l-A£:i5c±;t-gcLtl'oo  Lfcf* 
of  disk  [Mto  OCN-  4  *  y04>T-J8*fili  dope 
iSiOi}>OJjB-& k * ofc < |sj IX&l £ I'XOs  Lt*L &.?'* 6 disk 
ltit>o/u-7  h  9  *  7  *Ot%fc,iu°iiA*<?&  9  >  xrO£<  OtSAi'iltj^ 
L/;fe£tt  OCN-  (>Vu t' l ' /-t l ' i ?i!f?! cil5s  4,‘ilfl  doped 
single  crystal  k  disk  iOjiV’IttfeiSItlUlt^ <  O  dope  Silfc 
mfcmit*it b\tb n t k ' 5 g  & v \,  safe Oi'x 
If.  disk  fi?7  h  9  s-  ?*©iai8ft!>r 

o < 6*s*.miSfiS:ttWtS i k i  0 ltot*!ifii|in-C&O0  to 

±  disk  ft-C  ;t4>«iMffio&v '  ittitfowm*:  l  O  <  !)  p  2.  nr 
ML*4&oo  c o t v o It l t-t-b Of,  &<OfrH 
disk  ^(ifiniLtv'ttv'o 

4Tw d  >!troa4>«iS!i£t*/8 !)  fix*  <ot  ^  o  V  Wtr  iv  * 

9  om^a^ii-C-ltFM-C # iiV 'o  Lt*L  3.1  p  II 

disk  i£--cit  c  oftOft-e  i^sitiass^s-c  #  oc  tr  l  -c  ocn- 
P  it,  ^TO^ftKiRoiSltiiiK  l  o i  v  if?  h  9  v  V 
mzy  tt-t  cot v *;  mmo 

disk  i\>X-*WKO 904  t  >1  h  9  V  *  7.04 

4-  y-cSsoiKDEc^ot*,  t o4i-7-Si)£;t>)v;s t 
oXV'&V'iffi.toitS,  C.O»!«4  ^  >f*-7  h  9  y 

* xn\zmxMiobo%*>>  b»oMVs.mt'<t%®‘iz> 
o|gairt2E(ti**S>5 iiSrffiWlL'CV'5*‘?>-e&&0  COJH* 
IKiiogkltf-fot  v  *  tot?*5**iiaJ  1  itS>6!5mo|n]li: 
(WMiit  t  ortiattSo  co:  oi»»?wwt£  ch  nunsEfl* 
or< ©ilcoiMHii^a^ c 1 2, SEItit;  c,t  m&Bt  MftaiiJtt 

o!Si®OfflO?£RiJltt  <<jpO'C,  ^oliiSi 

iiltSi!£04  LttV'o  t’UCOi  CH  OR1. 

wmzznzn  1.09 A  £  1.25A  £(5)iit^lt,  OCO  0/4 
Elt  136-  £31i7.tto'''>o  L t-t. A .+  y 

/<< ttitt>tx  9  o^ftt*?  *  t of/iniit ->y  i-o 
*'(S3^tr03S(SS;ft£  i-at-CV'2-o  tfzV’YMz-i  t  >oj] 
G%V&mWX‘tiftLX?fiZ>k,  CH  Wfflojjoattii  4.3*<. 
03.8 mdyne/ A  ItggftL.  iOfi*OffiilS&!/'509jO 1-3 
M)  1 .4  mdync-A/rad-  k'iltS-^X  <,ta  t'O.l;,  CO  (i|9ii1)E 
I'/ It  8.7  ,t*0  9.8  mdyne/ A  Itl'/l&lt Z, 

;£IScn/;  7)9„7  xrti:  b?  ->  i-zitz  IfiffiO  V-XUi 
HCO;-  ltSS9Jij-ft’J!t  Tt’U’&X S>  '6  .  3.1  ItiWMiLf:  ki:  9  It 
disk  A%'cmhW.tt  kVi-Mz'/tW&r.Mli  ioja^ltt 
klo  •iliiatotc^JtittJtH.'//*,  ;toJ*»itt9iru4*> 
-■5**ISiS(^Sro <  c. /; k  Jit-7  h  9  f  ^oi-.^AVi/iO^ifiioi!: <  it 
ifiltti/.-tV'C  tmiXiiAo  4HS54  *>oa»«ttC(^3)ft 
0C:lt  COs-  7y*A-oI-.V>)i:'(£(l/i  23U*  it  Italic  i  it 
&  t  i.-A£05i"/i;4,VT..iifin4  t  x  **.-7  I-  9  *  afcWk  >!-.t4s 

5  9  Ai  <  i/Jir  t  KX \  Xz\ '  t  k  t> x~r, 
iV.lVx-l-?:-  C;0,--  4'^ 4  t  x  -1  SfIFj ^ -✓  >7 
AOiv/i^Ji'lott/tnii,  •K>WM!tS>&4  4>o 

5£^<?iil  v  k^fzi itv'oti^vo  Cf.HJ/ritliK  12,  13 
O  t  v  It/.V/ir?.  JO/;  disk  O  7,  -v  7  |.  ;l-it  t  i O  disk  C7a'; 
h>  iiiiio/.-itj'?-.':-.  4  //■,  >*  '<z  Kt  i-7  i-  ■;  x 

*3  I'C*-;  <7  u .:  'J.  1,1  c-  OCN  -  'J.i.t- ix  lit  tt  mi  ill; 

-.  O.  4lli!  ;.tt  12)4-6?.. 
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<  ■>.  V-*  l  ■;  v  a 


i  155 


%*&*.' Ci&S  ') Ift^lS  «r:<i  ■'<>  KOffiGMhi&ol  o 
<U  b—ffflfiizt'Zbli;.'*  jSKfrY-or  <ji<ov  i-  y  „  ^^.4> 
Wi*'.  4-flS'f  *  :  CK!,£r  u 
•)  »*©ttfflH»:sS»  L  -C  L  >  *;  I, « i  b  &  So  ISttiS 

l/S^S&iSmH v  i 
cAK&W&X\'Zt-t  U:;V.\  I  A  I  ;:U4;oi;:^i  ‘j  It  <■ t 
i(;n&-7-o\r>U-  disk  oti>-.  c-j  c  :  -T-fi'-cssco# 
M)> 

ftv  h  <)  ■?  fixtlViSflt?:'  tz  OCX-  f- 

!>  V i-'rj&IZv.iz  CO., -  ^>7  y**.o  ESR 

r^Mi}o!r.i2^(i:-,>.x3  GOiiiK-r  *  - 

*'fAG<>  &  7  n;t  3  ;,fooo  v>ft  ■»;  >j  >7  a;;  J-nRSf-f; 

OCX-  oisujjssageicif-  -  *ojwi!5 

<;  y  ^x«r*AfcjRftK4-f%Sfi®tos/ 

•7  {nSKoc::;:--/-- 

ftjreSnfc^TllRi^a&fSML  t  tRC  £  v fc0W***CA£o 

ii  7  .vp'ryli;))  'J  yiT  i-  ■;  t  7.W-U\i  z, 

OCX-  o&«S>8;«> 

v  I •!>•/**  (47-C  ) 


-*>  V  r 

KCl 

KBr 

K! 

»■.  2o. 

J  1297.5 

1292.6 

1288.3 

I'ei mi  Doublet 

(1210.6 

1205.4 

1200.6 

•*• 

631.1 

629.3 

628.0 

2181.8 

2169.6 

2155.8 

1259.5 

1254.0 

1248.7 

«>- 

639. 1 

636.9 

633.5 

2230.2 

2218.1 

2201.1 

is «)  y <»  --SfuKKiU.  m:.  cm->.  5ira*K  n) 

A*c>. 

f.',i '  v  (-  ij  v  7  7.0%  AX  t  OCX-  o*r  >  •>  +  y-^-r 

- :>ll .milStiii? i/-  >*£it£-J  JKmoi/7  KS££  L-c* 
r  -  ■>  *  A'O-rcW.z  h'uj-:  S So  t-*;  disk  oiH'K 

ZttFltz{zZiZ7Ji'~->7  bZfrj-CtZ'b,  4  t  >]")>-< 

-J>  t  b  tKa;jo-;;*MWHLtV‘Si^WvS»  S6C3EJW5 
iHm/O  KOfflii  iMK//-  TV, : s i:  t  f;:'/* -o X & <  G: S „  U>1 
CO,-  vi»fjK.>  ESR  707  hA;iii;c,  K  24 

i  3  -kc.Wr^m'Zmj.i,  KCl  7H«  7  7, 

i-Fiis  O  f  ^tz  w  O  7  7>  j)  A 1 £  i|j  i.i  ..  >£,VjXj  ,  C  ftl  til  1— IrlfA  C  e  V '  -v 
si4v;;®tSo  sor«!«H;tiM^  -150=C  WTl-^StlUW 

SH,  ZtzWtim'M^'-i-ivtz < .’.T'lhtSo  L fcii-sCX  24 

c  '  i,  S  .■*;  Arrhenius  —  IS SORtS:;>,‘i*SP??i i;  ji 

<  Ci,J/-t$So  KBrv  h'J  - 

!  ifi'f  jj-  >c,'4i?L;t  KCl  c>  v  h  y  y  * 

I  ;{>;  barrio-  lii-^  ' > i'W S  l o i if^u $ itS  o  XKoTJM!, 

T,  i  %<■  >  i  is  «rc  *  i) ,  ic  x  7  \z  Aft  *  y  -7  a  err  ;t 

CO,-  o  ESR  7.^7 

4.2  TGA  ili  disk  jiCDttK! 

■/iA'kfr^iJ.illiiV'S  /'  a  f  >  ft  ;  disk  ^[af'rOft'^'iii.- 

f  Ht  :•  ■  0  7  !>  ')  y  '>  7  L  L'C'L'ii-l-'Ct,  TGA(j..:ij- 
/  -  <;,  -!.5Mi'xr;v;'!i!r^Sri-<  s  i-- ,  :•-:  s  i;i 3.2 .rjx- >. 
tf  1.!  "‘'.--.k*  JKt.''-  15-5,  h<.:,  di'ki’j 


s ft¥Ur:  -i  od7v?Ji« 7-^7  hvt itt 
!2.: ki.'l  ?i,  £  C  Miilfto  >'0|.?iic^|t4-!>ivEC-d  So 

'C  L  -:  fcS-T-O  v .  <  or,  -c^um- bttGowm&.imz'&& 
s c t. ji-c  of-;:  c  b 5;F/4T,'ifl' 't'Sroti?!-; ;:?-Q//-i> s .■'-‘S 
t  •C-S.-t  S  C  <-  t  -C  C-  S  ,  disk  ;;  A  S^V-ifr-U^ru  *  A  J/  ^  A 
v  •>  *  >7  ®  -7  '>  •>  ^  A  O  &  O  A  S  I :  TC A  ( J  ■  i  |5]  • -  7y  f$  T;  S;  if 
r.S;fi IGA  :;73S*Ut'.  ^iAityfiilcKiL-^ 
•\<U  ’iOO  X  7  i'ZZo  t  L  TGA  ^5is;:u*X}2  disk  * 

b,.  tc  :C<  10  ,  Hi-.C'S- 'JerT: r.-S'ii -C ^ o ^(t^f"3 i 

B?.o/  A  £i’.r%z':  v ,  t,^<  b^StSE'L'-A 

■I  TGA  v  ?  fc,£S.-*/-./J.a;sSft')-S  :  i  SMiLtS  s  >  its 
S,  h  >;  .7  7,  A  y  -f  ..7  "C  >.  -  A  - '  4-T.f.:  7r  ry  •>  >7  a  -?  •> 

r.  *7 Et 7j  a  ^ >7  AO  TGA  t  $71- 

ir^;7.o7  b  ASv'i'*.  cii*>vVftftyj&KBr 

disk  IlAfr.-C  TGA  OfJjJfi^'j'S  i  rV;7t-  J:  |r*I— OfSSSrf'A  Ofb 

S ,  ■$ fcf (Goi?  ;:JV S: O f;- 007.0 7  1- t f^,k;!i© 

-2XF:i;:  i  S  ffpfi!  i  G  <  disk  t:  >  1;  S  S  T  *  0  ?  - 

fS;:  disk  ;:A0^*ft^S€-ofS5S;t,  SlSi^ifSfflJ.‘Gy*fc 

^S"cfbl5S'i9i2C-V'-S:i  disk  r-rc: 

t  S' "iV'ClS  */-,;-]■  0 

la-g  disk  c 5ii;: ;';?i : : t Mfi5 :s tGS/v & s  =  fi>x!fo 
oT-'VftTrk*  y  O  disk  ,iffa  C50--C  <‘GV' A  0  i  ffi<J5St» 
sif-os.^-'O-c,  i3*ftoftfltwaf*.t  disk  ■ciiES-c* 
7^s<>  u-LA-fc-pG-c^Si?::  biv  oKftf/>  KBrdisk 
1*5' t & s  b ,  >0 ±tfU;o  BO;-  -f  ^  >,-;•. §  GCifC-fjL^SS 
GPJCi,  ?>S '.  •.lrf.v';^Xrt<§f*-Sr^0^5C-;t  disk  (NX' 

t n7C C  S;rS  t*S  diskfi;;«s  t  ?  -ooXfi-iivotA 
o  7  7  1 1  7  ■’/■"  1-  :  /  7  7<  b  G'Cif  {i.Z'Z .  >S  Z  i”C,  SOfc 
»::S;So  disk  -r;7f!'4:-c *,s : S >.S? 0 
L  :S'o')l"f:::.ioo*-->{tTrk4,  >J  riffo?  I'  >J  7 7. if.fi 
MfCS-'.  iik  tzrzZoi'i  \  -?V') 
o  7  lo:  ,'J r.  X'S  !$o-C.  >ivt  -f5>t* 

So  SO  US  on  l'.  f-f-77  h  -;  ,.?zcirt%,iY&Fi*Z7& 
To. 7*  o 

4.3  C0:-  >7i7T37hOft^ 

^i:  ,U  *■  fiB i?  (il!3!-#! '  o  ftiy-U.'l’f/-  disk  iS’C^So’C 
V-S  CiCdri-.;;;  :f t-GO ffti-ii  CO;-  7i7*iH:[V!'j'S 
lOt&S  JP./f.l-CO'^^TOAS  roS'Oi 

•>^±'x<';-S'f7-S  > 

2IIC0;-  -  O.  - -  2H0C0;"  (3) 

2HOCO.- - 2HC0;-  +  O;  (4) 

2  CO;-  -  li;0  -  HCO;"  -r  HOCO;-  (5) 

C;Or-  -  H;0  - -  HCO;-  -  HOCO.-  (6) 

KC‘(3);S4Kt<  r7:of5Sfr(S?OSoi:  tTWi7K^4  ^>,7- 

«3fvA;Si;:?io<  to-?a>©'%  so&i’ii^n;iii  c*c 
iaijof-v'snois;:  nibh,  t^tz 

disk  Zimiiz^/u'Cr^^'^'o  ttz  DCO;- 
DOCO:-ii«ii?ns:  k  i5;srzis(4)cpi-c*sswij  :os 
:  r  »  ,  t  ::  »;i.’n(  3  )r  i£'0:  07  -:  '  J  L  iv’u 
V  k'.'5;  ;iG).t  XfkHU  tO-C.t-'  ,  i  4  7  0 

yfyn#;.-  f»i-*>,k«.iC.O,--  'f .  ofV^-G  S 
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n  <t  v  ;i 


80  4  12  :>  (I968> 


(  M  ) 


if'* ' ! '  :  0,0,  /  ; 

■Td.-V.  .  »*”■  1  _  c  *»  >  ■  ■  i  ^  }■  v  w  .  .  "  6, ,i 

•  i  -  -  s . . -v>  ,  :ttv, 
CO,'  ys'J/l.i  MOO,  .  1  r  v  i  ✓ 

disk  l  -L  d.'  d.  .  •  ££  V-V'-i  CO,- 

5  £/  ^  t.  •»  (;-i  22  ^-'O.  i .  >y  *  ■*>  ’i  <rz  £  •> .d 

-Xli'.-zA ■!  ■ I  V  I hu  f  1-  3  4  KUr  disk  i  ■„ '  r 
L  V  i,  CO;-  =7  3  ■‘l  i  h  7  ,  -T-  \  4  l  JJfiS  Y  £> 

<r>£ft..-  . 'Z  i  moo.  j  ,i, V,  ‘t-;.-:  t-'I ■,  d.  'Z'O.i— 
V>  ’  j'J  2Gkcal  .r.ol  ’l--  —  -'C’.'oj 

KBr  disk  I  ■>  CO,  <7353  J7  H  .  'it'V'fiMiw-OftiiC, 
C.'.'O/ Hi  k -!-  *o  -  ia*  2  3 ^-c,>  d.  '5  i)A> 
Ojjffcil.i  c.;  ;  s-;,  CO;  jS*H4;{i|i{aiSa 

OMMfW'jT..'.  t  •'  ?  jV '.WfiV;.irrfv  -  ';f*  C  Jo,  4 
Of/.'R.i  127-  £'»•',  d-  f;«.iJ*'i*w  >.Iorton>» //•  KSR 
Cul  V l  ?zh\  ix<-«.  Oo ,  CO;-  '].HrYO  >  h  * 
I'i-t  1671cm'1  ;:  So  K  ■>  1424cm->  £  819 


cm  - 1  ;* 

$K4V  O-Cv  r.SR  X's>’  h  jl  £ 19  O^^jd 

4<-'KJMU  co;  n\w*r&i»'z£fi 

\m £  l -c; v: ,  i  iv  >  -j *iv>  co o,  / 

>!»]»):.:  1.2  j  A  {W. 

<7.>;JJ05l£'(£  It"’  .H44'  8.42mdym-/A  £  3.23md\ne-A/tad! 
h.  „r wc  c?i  ootfi.t**®  <  2-  3  o/jo&^c  -- .  csw  u -: 
•/>  o  o  JsliSrlw,  S f-zHd^KJHifoJkfc  365mpO/\* 
>  K  sO  C-  ^  »  f  :'ijtS*X.2  88 (  mol//)  - 1  •  cm  1  ;->  o  » 

4.4  ^f8S)©|fiU(l 

^  o  '/  ^  (i'7A  2)  J  disk  i-Jk.L  Lt 


i 'l il?i <11  't't  *.  ■'-J-MWl.UT-''- 9  1,  2,  3  >  7  ;* 

2*  ^  v  '*■>  4*  s  s.  ■t>  V  ™  k  will’ll  cik  4)  OCN’- 


/  :r  ^  ^  ■:  ,  Sfi'^disk  iLfcfiKMtfjfUaittfftOii 

>  a. i xafcJM  oc,v-  2170cm  1  o><s  k 

4  ,|,l/. .  4  ■’  ■  f'Kii'i.i  t  /c.  i7  <  >  (tCrlij 


.  I?' --  V  . 


20;  K  Itcalim,  I'll.  U.  Thesis  research  in  progress.  The 
IVnnsyls.nia  Male  University. 

30)  J.  R.  Morion,  Unm.  Ku.,  64,  133(1004). 


;z  i  u;i,  mi,-  ■;  mco,  .  co,--  .  mco.-, 

CM, CO;  V;y.  -r*  ..>'!•  i  KBr  disk  ,‘j  :  M-)  o  t-j* 

<  ocx  *x.i  ocn- 

^riiAi'r-Jr,''//  dLk  XII, +  oRlAJc^  i 

co,--  v:.faU4K-J5 4  2-k-i  Js-j-4  ;>;:);■>■:  friu  /;'»o 

freeze-dr,-  -j;2;  v;-jFr.  /,  OCX'  /, 0583 i  *£ « 

d  i  i  t-) V  J  /; i  Aik,  KBr  disk  4 rfi L  <-p<  o /iz/iH/’K c 
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rlJ.  ABSTRACT 


Pressed  alkali  halide  disks,  which  are  used  commonly  to  obtain  the 
infrared  spectra  of  solid  compounds,  are  found  to  be  convenient  matrices 
in  which  solid  state  chemical  reactions  of  organic  and  inorganic  ions 
can  be  examined.  These  reactions  can  be  induced  thermally  or  by  irradi¬ 
ation,  and  their  kinetics  can  be  followed  spectroscopically.  In  thermal 
decomposition  reactions  involving, weight  changes,  the  kinetic  results 
obtained  with  these  disks  by  infrared  spectroscopy  agree  with  those  from’ 
the  thermogravimetric  analysis.  In  gamma  irradiation  studies,  ion  free 
radicals  are  trapped  readily  in  these  disks  even  at  room  temperature,  and 
the  decay  of  these  radicals  can  be  followed  by  electron  spin  resonance 
spectroscopy.  When  the  concentrations  of  these  radicals  are  sufficiently 
great,  their  chemistry  as  well  as  their  absorption  spectra  can  be  inves¬ 
tigated.  Experiments  carried  out  to  date  indicate  that  the  use  of 
pressed  disks  can  extend  the  field  of  solid  state  chemical  kinetics  and 
matrix  isolation  studies. 
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